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Chapter 1. Introduction 
	






1.2. The rhizobia-legume mutualism 


















































1.3.2. Genetic variation of Rhizobium leguminosarum 
 


















































































Figure 1.1 Field sites sampled across the UK, France and Denmark. Green pins represent the locations of 
DLF Trifolium conventional breeding trial sites, and blue pins represent the organic field sites. 
 
 
Table 1.1 The dataset of 196 Rhizobium leguminosarum symbiovar trifolii strains used in this study. Strains 




Total A B C D E 
UK conventional farms - 32 - - - 32 
France conventional farms - - 40 - - 40 
Denmark conventional farms - - 30 4 9 43 
Denmark organic farms 32 - 46 1 2 81 
Total 32 32 116 5 11 196 
 
 
1.6. Project Background 






• whether	Rhizobium	leguminosarum	genetic	diversity	determines	intraspecific	interactions	between	strains.			Therefore,	the	overall	purpose	of	this	PhD	project	was	to	determine	the	extent	of	intraspecies	diversity	of	Rlt	at	the	genetic	and	phenotypic	levels,	particularly	with	regard	to	identifying	functional	differences	between	Rhizobium	leguminosarum	genospecies.	More	specifically	the	objectives	were	to:		1) Determine	if	the	diversity	of	Rlt	populations	can	be	explained	by	the	selective	differences	of	white	clover	genotypes;		2) understand	if	Rlt	genetic	diversity	manifests	itself	in	the	gene	expression	profiles	and	growth	phenotypes	of	strains	between	and	within	genospecies;	3) identify	whether	intraspecific	Rlt	interactions	can	be	determined	by	genetic	differences	between	genospecies	and	environmental	origins	of	strains.		


















Chapter 2. MAUI-seq: Metabarcoding using amplicons with 






















2.3. Materials and methods  




2.3.2. Preparation of DNA mixtures 
 Two	Rlt	strains	(SM3	and	SM170C)	were	chosen	based	on	their	recA,	rpoB,	nodA,	and	
nodD	sequence	divergence,	with	a	minimum	of	3	base	pair	differences	in	the	amplicon	region	required	for	each	gene.	Strains	were	grown	on	Tryptone	Yeast	agar	(28°C,	48hrs).	Culture	was	resuspended	in	750ul	of	the	DNeasy	Powerlyzer	PowerSoil	DNA	isolation	kit	(QIAGEN,	USA)	and	DNA	was	extracted	following	the	manufacturer’s	instructions.	DNA	sample	concentrations	were	calculated	using	QuBit	(Thermofisher	Scientific	Inc.,	USA).	DNA	samples	of	the	two	strains	were	diluted	to	the	same	concentration	and	mixed	in	various	ratios	(Appendix	Table	A.1).		
2.3.3. Preparation of environmental samples 
 For	Field-Samples-1	data,	white	clover	(Trifolium	repens)	root	nodules	were	collected	from	two	locations:	Store	Heddinge,	Denmark	(6	plots)	and	Aarhus	University	Science	Park,	Aarhus,	Denmark	(2	plots)	(Appendix	Figure	A.2).	The	clover	varieties	sampled	were	Klondike	(Store	Heddinge)	and	wild	white	clover,	(Aarhus).	100	large	pink	nodules	were	collected	from	4	points	on	each	plot,	making	a	total	of	32	samples.	Nodules	were	stored	at	-20°C	until	DNA	extraction.	Nodule	samples	were	thawed	at	room	temperature	and	crushed	using	a	sterile	homogeniser	stick.	Crushed	nodules	were	mixed	with	750µl	Bead	Solution	from	the	DNeasy	PowerLyzer	PowerSoil	DNA	isolation	kit	(QIAGEN,	USA)	and	DNA	was	extracted	following	the	manufacturer’s	instructions.	DNA	sample	concentrations	were	measured	using	a	Nanodrop	3300	instrument	(Thermofisher	Scientific	Inc.,	USA).		For	Field-Samples-2	data,	root	nodules	were	additionally	sampled	from	13	white	clover	conventionally-managed	field	trial	plots	at	Store	Heddinge,	Denmark	(Sample	1A-13A,	Additional	File	2).	All	plots	were	sown	under	the	same	conditions	in	2017.	Three	to	ten	clover	plants	were	sampled	from	one	point	in	each	plot	and	the	100	largest	nodules	collected.	Nodules	were	stored	at	-20°C,	and	DNA	was	extracted	for	each	sample	using	the	Qiagen	DNeasy	PowerLyzer	PowerSoil	DNA	isolation	kit,	as	above.	Samples	were	processed	independently	with	Platinum	(non-proofreading)	and	Phusion	(proofreading)	polymerases	to	evaluate	the	method	dependency	on	polymerase	choice,	as	described	in	the	following	sections.		
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2.3.4. PCR and purification 
 Primer	sequences	were	designed	for	two	Rlt	housekeeping	genes,	recombinase	A	(recA)	and	RNA	polymerase	B	(rpoB),	and	for	two	Rlt	specific	symbiosis	genes,	nodA	and	nodD	(Additional	File	1:	Table	S1).		The	three	primers	are	a	target-gene	forward	inner	primer,	a	universal	forward	outer	primer,	and	a	target-gene	reverse	primer.	The	concentration	of	the	inner	forward	primer	was	100-fold	lower	than	the	universal	forward	outer	primer	and	the	reverse	primer	(Figure	2.1)	in	order	to	reduce	the	competitiveness	of	this	primer	compared	to	the	outer	primer.	The	inner	primer	is	essential	for	the	first	round	of	amplification,	but	its	participation	is	undesirable	in	later	rounds	as	it	would	assign	a	new	unique	UMI	to	an	existing	amplicon.	The	PCR	reaction	mixture	and	thermocycler	programme	are	provided	(Additional	File	1:	Tables	S2	and	S3).		PCRs	were	undertaken	individually	for	each	primer	set	using	Platinum	Taq	DNA	polymerase	(Thermofisher	Scientific	Inc.,	USA)	(Additional	File	1:	Table	S2)	and	subsequently	pooled	and	purified	using	AMPure	XP	Beads	following	the	manufacturer’s	instructions	(Additional	File	1:	Table	S5)	(Beckman	Coulter,	USA).	Successful	PCR	amplification	was	confirmed	by	running	a	0.5X	TBE	2%	agarose	gel	at	90V	for	2	hours.		For	the	DNA	mixture	samples,	PCRs	were	run	in	triplicate.	DNA	from	single	strains	was	also	processed	as	a	control	to	determine	the	level	of	cross	contamination	between	samples.	Some	samples	were	also	amplified	using	Phusion	High-Fidelity	polymerase	(Thermofisher	Scientific	Inc.,	USA),	to	evaluate	whether	use	of	a	proof-reading	polymerase	improved	the	quality	of	the	results	using	the	PCR	program	described	in	Additional	File	1:	Table	S2	and	Table	S4.		



























Separate by geneAmplicon region of interestTarget-gene forward inner primer
Target-gene forward reverse primer
UMI
Universal forward outer primer
Nextera XT index N/S
5’ 3’350 bp
//










PCR amplification and UMI tagging




Figure 2.1 Primer design and method workflow. a) Primer design using the sense strand of the target 
DNA template as an example. The amplicon region of interest should be no longer than 500bp. The 
target-gene forward inner primer, universal forward outer primer and the target-gene reverse primer 
are all used in the initial PCR. The Nextera XT indices provide sample barcodes in a separate PCR step. 
The unique molecular identifier (UMI) region is shown in turquoise on the target-gene forward inner 
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Figure 2.2 Erroneous read formation and filtering. a) Schematic showing the formation of different 
sequences with identical UMIs, and bias introduced when sampling for sequencing. b) Example data 
showing the occurrence of real and chimeric rpoB sequences as primary and secondary sequence (log 
scale).  S1 and S2: Real sequences derived from two different rhizobium strains (SM170C and SM3). Chi1-
4: Chimeric sequences. 
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2.4.3. Validation using purified DNA mixed in known proportions 




Table 2.1 Total number of detected sequences in the synthetic mix samples using MAUI-seq, DADA2 and 
UNOISE3. The percentage of true sequences is averaged over 23 samples for Platinum (non-proofreading) 
and 14 samples for Phusion (proofreading). n seq is the total number of sequences occurring across all 
samples. %true is calculated by dividing the number of counts for the true sequences by the total number of 
counts accepted by the method. %true-overall is based on summed counts for all four genes. Cor.exp/obs is 
the Pearson correlation for the observed proportion of SM170C reads versus the expected proportion. 
Chim.freq is the proportion of chimeras compared to total reads at 0.5 expected proportion of sequences. 
Exp.seq is the expected number of detected sequences.† SM170C has a second copy of nodD (Cavassim et al., 
2019). 
 
  Platinum Phusion  
  MAUI- 
seq 
DADA2 UNOISE3 MAUI- 
seq 
DADA2 UNOISE3 exp. 
seq* 
rpoB n seq* 2 3 4 2 2 2 2 
%true* 100 96.96 93.80 100 100 100 - 
Cor.exp/obs* 0.956 0.977 0.981 0.996 0.999 0.9998 - 
chim.freq* 0 0.07 0.13 0 0 0 - 
recA n seq 2 2 2 2 2 2 2 
%true 100 100 100 100 100 100 - 
Cor.exp/obs 0.984 0.991 0.989 0.948 0.952 0.947 - 
chim.freq 0 0 0 0 0 0 - 
nodA n seq 6 5 4 5 2 4 2 
%true 99.04 89.70 89.93 99.03 100 90.43 - 
Cor.exp/obs 0.985 0.998 0.999 0.989 0.999 0.999 - 
chim.freq 0.10 0.25 0.22 0.04 0 0.16 - 
nodD n seq 7 6 21 3 3 14 3† 
%true 98.49 93.93 90.10 100 100 79.83 - 
Cor.exp/obs 0.998 0.998 0.995 0.990 0.998 0.995 - 
chim.freq 0.05 0.05 0.13 0 0 0.11 - 
all %true-
overall* 




2.4.4. Validation using environmental samples 
 To	test	the	method	on	more	complex	samples,	we	compared	Rlt	populations	in	root	nodules	from	two	locations	in	Denmark:	a	clover	trial	station	in	Store	Heddinge	on	Zealand	and	a	lawn	at	Aarhus	University	in	Jutland	(the	Field-Samples-1	dataset;	Appendix	Figure	A.1).	One	hundred	nodules	were	pooled	for	each	sample	and	each	plot	was	sampled	in	four	replicates.	Platinum	Taq	polymerase	enzyme	was	used	for	amplification.	Each	clover	root	nodule	is	usually	colonised	by	a	single	Rhizobium	strain,	so	a	maximum	of	100	unique	sequences	per	gene	is	expected	per	sample.			For	Field-Samples-1,	the	total	number	of	distinct	sequences	for	MAUI-seq	and	DADA2	were	in	the	same	range	as	the	number	of	distinct	alleles	observed	in	a	population	of	196	natural	European	Rlt	isolates	(Cavassim	et	al.,	2019)	(Table	2.2).	In	contrast,	UNOISE3	produced	a	substantially	higher	number	of	distinct	sequences,	suggesting	that	its	default	filtering	might	be	too	lenient	for	our	data	(Table	2.2).	The	sequences	accepted	as	true	by	MAUI-seq	were	nearly	all	also	included	in	the	DADA2	and	UNOISE3	outputs	(Figure	2.3).	On	the	other	hand,	DADA2	and	UNOISE3	both	accepted	a	number	of	sequences	that	were	filtered	out	by	MAUI-seq,	and	many	of	these	were	eliminated	by	MAUI-seq	because	a	high	ratio	of	secondary	to	primary	occurrences	strongly	suggested	that	they	represent	errors	and	not	real	sequences	(Figure	2.3	and	Additional	File	2:	Field-Samples-1	tables).	To	provide	independent	evidence	as	to	whether	sequences	were	likely	to	be	genuine,	we	checked	whether	they	matched	(or	differed	by	a	single	nucleotide	from)	known	sequences	in	either	a	reference	database	of	196	natural	European	Rlt	isolates	(Cavassim	et	al.,	2019),	or	the	NCBI	whole-genome	shotgun	database	(Figure	2.3).	The	great	majority	of	sequences	rejected	by	MAUI-seq	did	not	have	exact	matches	to	these	known	sequences.		A	few	sequences	that	exactly	matched	known	alleles	were	included	by	DADA2	and	UNOISE,	but	not	by	MAUI-seq.	These	sequences	were	not	reported	by	MAUI-seq	because	their	UMI	counts	were	below	the	abundance	threshold,	not	because	the	secondary/primary	occurrence	filter	identified	them	as	erroneous	(Figure	2.3).	The	count	threshold	could	be	lowered	to	include	rarer	sequences,	if	the	study	required	it.		The	allele	frequency	distributions	were	different	at	Aarhus	and	Store	Heddinge	(Figure	2.3),	and	the	two	sites	were	clearly	separated	by	the	first	principal	component	in	a	Principal	Component	analysis	(PCA)	for	MAUI-seq,	DADA2	and	
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Table 2.2 Total number of detected sequence clusters in root nodule samples (Field-Samples-1) using MAUI-
seq, DADA2, and UNOISE3 clustering and genetic differentiation between populations. *Output sequences 
were classified into reference (100% identity in at least 1 of 196 Rhizobium leguminosarum symbiovar trifolii 
genomes (Cavassim et al., 2019)), exact BLAST (100% query coverage and 100% identity against the whole-
genome shotgun contigs BLAST database), single nt (one nt difference from either reference or exact BLAST 
match), and other. Total reference is the total number of detected sequences in the 196 Rhizobium 
leguminosarum symbiovar trifolii genomes. † The population global FST (fixation index) is an estimate of 
genetic differentiation among populations based on relative allele abundance. 
 
  Detected sequence clusters* FST† 
Gene  Method  Total Reference Exact BLAST Single nt Other  
rpoB MAUI-seq 12 7 3 1 1 0.032 
DADA2 15 7 3 3 2 0.032 
UNOISE3 30 7 2 7 14 0.012 
Total Reference* 13 - - - - - 
recA MAUI-seq 8 6 2 - - 0.110 
DADA2 13 8 2 3 - 0.090 
UNOISE3 14 5 2 2 5 0.028 
Total Reference 17 - - - - - 
nodA MAUI-seq 9 8 - 1 - 0.369 
DADA2 18 12 1 1 4 0.191 
UNOISE3 43 13 - 5 25 0.061 
Total Reference 14 - - - - - 
nodD MAUI-seq 18 11 1 2 4 0.139 
DADA2 22 11 1 3 7 0.124 
UNOISE3 57 11 1 4 41 0.031 
Total Reference 16 - - - - - 
All genes  MAUI-seq 47 32 6 4 5 0.139 
DADA2 68 38 7 10 13 0.105 




Table 2.3 The effect of polymerase choice. Total number of detected sequence clusters in root nodule 
samples (Field-Samples-2) amplified using Phusion (proofreading) or Platinum (non-proofreading) 
polymerases. Sequences were clustered using MAUI-seq, DADA2, and UNOISE3. *Output sequences were 
classified into reference (100% identity in at least 1 of 196 Rhizobium leguminosarum symbiovar trifolii 
genomes (Cavassim et al., 2019)), exact BLAST (100% query coverage and 100% identity against the whole-
genome shotgun contigs BLAST database), single nt (one nt difference from either reference or exact BLAST 
match), and other. 
  Platinum Phusion 
Gene   MAUI- 
seq 
DADA2 UNOISE3 MAUI- 
seq 
DADA2 UNOISE3 
rpoB Total 16 24 26 15  15 20 
Reference* 9 9 7 8 9 7 
Exact BLAST* 3 3 2 3 3 2 
Single nt* 3 7 8 3 2 5 
Other* 1 5 9 1 1 6 
recA Total 9 10 12 8 9 10 
Reference 5 5 4 5 5 4 
Exact BLAST 0 1 1 0 1 1 
Single nt 3 3 3 3 2 3 
Other 1 1 4 0 1 2 
nodA Total 18 14 35 17 11 34 
Reference 7 10 8 9 9 9 
Exact BLAST 0 1 0 0 0 0 
Single nt 6 1 4 6 1 4 
Other 5 2 22 2 1 21 
nodD Total 20 17 46 27 24 71 
Reference 10 12 12 16 16 15 
Exact BLAST 0 0 0 0 0 0 
Single nt 6 3 6 5 4 6 




Table 2.4 A comparison between DADA2 and MAUI-seq for a subset of the Field-Samples-2 data 
summarised in Table 2.3: the rpoB sequences from samples amplified by Phusion (proofreading) 
polymerase. Red cells refer to rejected sequences. Green cells refer to sequences, which are accepted by 
MAUI-seq, while DADA2 rejects them as potential chimeras. Yellow cells refer to sequences filtered out due 
to low UMI count by MAUI-seq. 
Raw reads MAUI-seq DADA2 




accepted rank count accepted 
1 99431 1 7459 197 yes 1 54758 yes 
2 86751 2 7067 155 yes 2 48402 yes 
3 70318 3 3668 95 yes 3 44412 yes 
4 47337 4 1898 106 yes 4 28339 yes 
5 13190 8 229 71 yes 5 7854 yes 
6 11786 9 118 103 no none NA no 
7 10490 5 489 19 yes 6 6009 yes 
8 9630 6 362 13 yes 7 5414 yes 
9 4738 7 270 15 yes 8 2757 yes 
10 4290 12 62 15 yes none NA no 
11 3223 11 90 3 yes 9 2041 yes 
20 1950 10 96 6 yes 10 981 yes 
29 1504 13 42 10 yes none  NA no 
39 1063 14 35 2 yes 12 618 yes 
41 946 none 0 0  11 721 yes 
43 826 15 34 0 yes 13 434 yes 
51 567 16 22 3 yes 14 341 yes 











































































































































Figure 2.3 Amplicon diversity reported by MAUI-seq compared with the DADA2 and UNOISE3 analysis 
pipelines. Data are for four genes from nodule samples from two geographic locations, Store Heddinge (1-
6) and Aarhus (7-8). Letters A-D denote the replicates within each plot (Appendix Figure A.1). Heatmap of 
the log10 transformed relative allele abundance of sequence clusters for individual genes. Lines connect 
identical sequences found by different clustering methods. Evidence that sequences are likely to be 
genuine is denoted by classifying them as reference (100% identity in at least 1 of 196 Rhizobium 
leguminosarum symbiovar trifolii genomes (Cavassim et al., 2019)), exact BLAST (100% query coverage and 
100% identity against the whole-genome shotgun contigs BLAST database), single nt (one nt difference 
from either reference or exact BLAST match), and other. Sequences not reported by MAUI were classified 
as sec/pri ratio (rejected as erroneous because of a high secondary to primary ratio), low UMI count (not 




Figure 2.4 Genetic differentiation between populations visualised by Principal Component Analysis (a-c) and 
FST (d-f) of Rlt diversity in root nodule samples (8 sites, 4 replicates). Three analysis pipelines are compared: 
MAUI-seq (a,d), DADA2 (b,e), UNOISE3 (c,f). The PCA analysis was based on log10 transformed relative allele 
abundance. FST analysis was based on relative allele abundance. Data from all four genes (rpoB, recA, nodA, 
and nodD) were included in the analysis. 
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2.5. Discussion   
 We	propose	a	new	HTAS	method	(MAUI-seq)	designed	to	assess	genetic	diversity	within	or	across	species.	It	uses	global	UMI-based	errors	rates	to	detect	potential	PCR	artefacts	such	as	chimeras	and	single-base	substitutions	more	robustly	than	the	widely-used	ASV	clustering	methods,	DADA2	and	UNOISE3.	The	approach	is	potentially	applicable	to	any	study	of	amplicon	diversity,	including	community	diversity	estimates	based	on	16S	rRNA	and	other	metabarcoding	surveys	using	environmental	DNA.			








2.5.3. Advantages of multiplexing several amplicons  
 Increasing	the	number	of	monitored	amplicons	to	four	increased	our	ability	to	robustly	distinguish	samples	from	two	locations	(Figure	2.3,	Figure	2.4	and	Appendix	Figure	A.6-Appendix	Figure A.11).	Multiplexing	could	be	used	in	other	ways,	for	example	to	monitor	several	organisms	in	the	same	environment,	or	to	increase	read	coverage	profiling	of	single	genetic	markers	such	as	16S	(Fuks	et	al.,	2018).	In	addition,	there	is	a	technical	benefit	in	sequencing	multiple	different	targets	together,	because	a	lack	of	sequence	diversity	can	cause	Illumina	base-calling	issues	(Krueger,	Andrews	and	Osborne,	2011).		













Chapter 3. Rhizobium nodule diversity is determined by both 


































3.3.3. Sequence analysis   
 To	enable	allele	abundance	comparison	across	samples	from	all	four	genes,	UMI	sequence	counts	were	converted	to	relative	abundance	within	each	gene	for	each	sample.	Sequence	presence	across	clover	genotypes	was	displayed	with	Venn	diagrams	made	using	R	package,	Venn	(v.1.7).	To	observe	relative	abundance	of	allele	sequences	across	samples	in	a	heatmap,	relative	abundance	counts	of	0	(occurring	when	a	sequence	is	not	present	in	a	sample	but	present	in	other	samples)	were	converted	to	one	decimal	place	lower	than	the	lowest	relative	abundance	count	(1	x10-5)	and	subsequently	log10	transformed.	Log	transformation	was	used	because	most	samples	were	dominated	by	two	or	three	alleles,	and	therefore	this	would	skew	observed	variance	towards	more	abundant	alleles	within	the	population.		To	assign	a	genospecies	to	each	recA	and	rpoB	allele,	BLASTn	was	used	to	search	for	sequences	in	the	genome	assemblies	of	196	Rlt	full	genome	sequenced	strains	(Cavassim	et	al.,	2019),	RCR221,	TA1	and	TA1-MC2010	reference	genomes,	which	are	known	genospecies	strains.	Alleles	that	did	not	match	any	of	these	strains	were	aligned	to	the	NCBI	database	using	BLASTn	(GenBank).	If	no	100%	sequence	match	with	known	genome	assemblies	was	found,	sequences	were	classed	as	an	‘unassigned	genospecies’.			
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Block 2 Block 1
Figure 3.1 Field plot design for sampling. Plots were organised into 2 blocks, each containing 2 rows of 18 
plots (grey rectangles), sown in dimensions of 8 meters by 1.5 meters. Blocks were separated by a strip of 
grassland measuring 8 meters across. Additionally, within Blocks, the two rows of plots were separated by 
grassland measuring 3.3m across. Plots sampled in this study are coloured respectively by the white clover 
genotype sown on each plot (see the legend on the right). Two plots were sampled per clover genotype 
from Block 1, with the exception of Klondike where an additional third plot was sampled from Block 2 to 
enable further analysis of geographic distance (plot c in addition to plots a and b from Block 1). Clovers 
were sampled from three locations on each plot (Black dots in the most bottom-right plot). Therefore, 6 
samples were collected for each clover genotype from Block 1. 100 nodules were sampled from 3-10 
clover plants for each sampling point. Clover genotypes were sown within Blocks in a rectangular Latin 
plot design, as demonstrated by the numbering system outlined in Block 2, whereby a number represents 






















































































Figure 3.2 a) Unique alleles were identified for four Rlt genes (rpoB, recA, nodA and nodD) across root 
nodules from five white clover genotypes. Venn diagram display the overlap of alleles identified in each 
white clover genotype for, b) all genes, c) rpoB, d) recA, e) nodA, and f) nodD genes. All samples analysed 
are from Block 1. 
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3.4.2. Relative allele frequencies of housekeeping genes are more distinct than 
























Figure 3.3 Relative abundance of unique alleles identified for four Rlt genes (rpoB, recA, nodA and nodD) 
varied in root nodule populations from five white clover genotypes (Cross 1-4, Klondike). Raw UMI 
sequence counts for each allele were converted to relative abundances (between 0-1) and subsequently 
log10 transformed for visualisation. Relative abundance counts of 0 were converted to 1x10-5 (one decimal 
place lower than the smallest relative abundance value across all samples) before log transformation. 
Therefore, log transformation produces a negative abundance score, whereby more negative scores denote 
for a lower allele abundance is (yellow = high abundance, blue = low abundance). Clover genotype samples 
were collected across two plots (displayed as separate row sections), and 3 locations were sampled within 
each plot (displayed as three rows within each plot section). Only samples from Block 1 are shown. Tick 
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Figure 3.4 The level of observed allelic dissimilarity between clover genotypes differed depending on the Rlt 
gene marker. a) Pairwise allelic dissimilarity of four Rlt genes combined (rpoB, recA, nodA and nodD) 
between white clover nodule samples. Bray-Curtis dissimilarity is shown on a scale ranging from low (red) 
to high (white) allelic dissimilarity. Additionally, Non-metric Multi-Dimensional Scaling (NMDS) analysis of 
the relative abundances of four gene alleles b) in combination, and individually; c) rpoB, d) recA, e) nodA, f) 
nodD displays the separation of sampled based on their allelic dissimilarity. Allelic dissimilarity is displayed 
across two dimensions, and samples that are closer are more allelically similar. Samples are from Block 1 
and are grouped by their respective plot (n = 3, and 2 plots per clover genotype) and coloured by their 
clover genotype host.  
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Figure 3.5 The mean relative abundances of genospecies A-E allele sequences within each clover 
genotype was calculated for a) recA alleles or b) rpoB alleles. Klondike samples contained a 
significantly greater proportion of gsC alleles compared to other crosses, whereas Cross 2 contained a 
significantly lower proportion of gsC alleles compared to other clover genotypes. Allele sequences 
which could not be assigned to a genospecies were labelled as ‘Unassigned’. All clover genotypes 
were sampled in replicates of 6 from Block 1. 
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3.4.4. Similarity of housekeeping gene allele frequencies is predominantly 







Table 3.1 Parametric bootstrapping of fixed effects 95% confidence intervals for each Rlt gene (rpoB, recA, 
nodA and nodD) mixed effects model. 





Bias Std. error 
rpoB Geographic 
distance 
0.0012, 0.0055 0.003  -0.00001 0.001 
Clover genotype 
difference 
-0.0986, -0.0196 -0.059 0.0005   0.020 
recA Geographic 
distance 
0.0001, 0.0056 0.003 -0.00003 0.001 
Clover genotype 
difference 
-0.0619, 0.0368 -0.013 -0.00008 0.025 
nodA Geographic 
distance 
-0.0025, 0.0034 0.0005  -0.00002 0.001 
Clover genotype 
difference 
-0.0928, 0.0019 -0.044  -0.0005   0.024 
nodD Geographic 
distance 
-0.0027, 0.0019 -0.0004  -0.00005 0.001 
Clover genotype 
difference 
-0.0575, 0.0258 -0.015  -0.0006 0.021 
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R = 0.314, 
p < 0.05
R = 0.348, 
p < 0.05
Figure 3.6 Geographic distance was associated with allelic dissimilarity between samples. a) Euclidean 
geographic distance correlated to rpoB allelic dissimilarity for all pairwise sample comparisons from 
Block 1. b) Euclidean geographic distance correlated to recA allelic dissimilarity for all pairwise sample 
comparisons from Block 1. c) Pairwise allelic dissimilarity was calculated between all Klondike samples 
across 3 plots (plots a, b from Block 1 and c from Block 2). Allelic dissimilarity is shown on a scale ranging 
from low (red) to high (white) allelic dissimilarity. d) Non-metric Multi-Dimensional Scaling (NMDS) of 
allelic dissimilarity of all four genes in combination from Klondike nodule samples across 3 plots (plots a, 
b from Block 1 and c from Block 2). e) Euclidean geographic distance correlated to all genes combined 
allelic dissimilarity for pairwise Klondike sample comparisons across 3 plots (R = 0.314, p < 0.05). f) 
Euclidean geographic distance correlated to all genes combined FST for pairwise Klondike sample 
comparisons across 3 plots (R = 0.348, p < 0.05). Allelic (Bray-Curtis) dissimilarity and FST were calculated 






































Chapter 4. Rhizobium leguminosarum symbiovar trifolii sub-


































4.3.2. RNA-seq read and count processing  
 RNA-seq	reads	were	quality	checked	with	FastQC	(v.0.11.5)	following	default	parameters.	Cutadapt	(v.1.15)	was	used	to	trim	reads	of	Illumina	adapters	with	the	following	parameters:	maximum	error	rate	=	0.1	(10%),	minimum	overlap	=	5	bp,	minimum	read	length	=	15	bp.	Trimmed	reads	for	each	strain	were	then	mapped	to	their	respective	Illumina	sequenced,	‘Jigome’	assembled,	whole	genome	assemblies	(Cavassim	et	al.,	2019)	using	HISAT2	(v.	2.1.0)	(Additional	File	6:	Table	S1).	All	reads	passed	Samtools	flagstat	(v.	1.7)	and	rseqc	bamstat	(v.	2.6.4)	default	QC	filtering	(Additional	File	6:	Table	S1).	Total	number	of	reads	per	sample	for	the	first	batch	sequencing	run	of	26	gsA-E	samples	ranged	between	6,793,334	-	15,699,075	reads	with	an	average	of	9,183,811	reads.	Total	number	of	reads	per	sample	for	the	second	batch	sequencing	run	of	61	gsC*	samples	ranged	between	990,334	–	12,135,188	reads	with	an	average	of	4,759,219	reads.	All	sequences	mapped	to	their	individual	genomes	with	an	average	overall	alignment	rate	of	98.30%	(Additional	File	6:	Table	S1).	HTSeqCount	(v.0.9.1)	was	used	to	count	reads	mapping	to	each	gene	feature,	with	union	parameters	selected	(Additional	File	6:	Table	S1).	Orthologous	gene	groups	were	previously	identified	using	ProteinOrtho	(v.5.16b)	and	were	used	to	compare	ortholog	group	expression	across	strains	(Cavassim	et	al.,	2019).	For	functional	annotation	of	genes,	Prokka	(v.1.12)	was	previously	used	to	produce	gene	annotations	with	equivalent	RefSeq	accession	numbers	and	protein	product	information	(Cavassim	et	al.,	2019).	Overall,	only	orthologous	gene	expression	was	analysed.		
 












4.3.5. Growth phenotype analysis 
 For	analysis	of	phenotypic	growth	differences	between	genospecies,	strains	were	grown	in	modified	Tryptone	Yeast	broth	(TY)	(5	g	Tryptone,	2.5	g	Yeast	Extract,	1.47	g	CaCl2,	per	litre	volume)	conditions	in	96-well	plates	(Smith,	2018).	TY	media	was	altered	in	the	following	ways:	by	modifying	pH	(pH	4,	5	and	6,	6.68),	growth	temperature	(4,	10,	15,	20,	28	°C),	and	nutrient	concentration	(100,	25,	12.5,	6.25,	3.125%	TY).	Growth	measurements	(OD600)	at	48	h	was	used	as	a	proxy	of	rhizobial	growth	for	all	measured	phenotypic	traits.	Biofilm	formation	was	also	measured	(OD600)	after	96	hours	growth	from	all	the	temperature	and	nutrient	altered	treatments	as	follows.	Briefly,	20	µl	of	crystal	violet	was	added	to	each	well	and	left	to	stand	for	15	minutes.	Wells	were	subsequently	rinsed	with	clean	water	three	times	and	left	to	air-dry.	Wells	were	then	filled	with	225	µl	of	absolute	ethanol	and	incubated	at	room	temperature	for	1	h	to	dissolve	the	crystal	violet	staining.			











4.4. Results  















Figure 4.1 Differential gene expression between Rlt genospecies and phylogenetic subbranches within 
genospecies C. a) PCA of 4,229 core genes expression for 26 Rlt strains coloured and grouped by their 
genospecies (A-E). b) Number (%) of core differentially expressed genes (DEGs) (edges) from all pairwise Rlt 
genospecies (nodes) comparisons (Log2 Fold Change > ±2, FDR adjusted p < 0.001). c) Strains cluster by 
genospecies based on average linkage hierarchical clustering of Euclidean core gene expression distances. d) 
PCA of 4,229 core genes expression for 59 strains of gsC (and additionally 2 strains in duplicate), coloured and 
grouped by their phylogenetic subbranches (C1-10). e) Number (%) of core DEGs (edges) from pairwise Rlt gsC 
phylogenetic subbranch (nodes) comparisons (Log2 Fold Change > ±2, FDR adjusted p < 0.001). f) Individual 
pairwise strain comparisons show that as the average nucleotide identity (ANI) of strains increases, the 
number of shared orthologous gene groups also increases, but the number of core DEGs decreases. Red and 
Blue lines display the rolling average (n=100) for DEGs number and shared orthologous gene groups, 
respectively. Red and dark blue dots highlight strain comparisons which are biological replicates for number of 
core DEGs and number of shared orthologous gene groups, respectively. 
 128 
 
Table 4.1 Number of core differentially expressed genes (DEGs) between pairwise Rlt genospecies 
comparisons. Genes were classed as differentially expressed if they had a Log2 Fold Change > ±2, FDR < 
0.05, adjusted p < 0.05. Metabolic pathway enrichment analysis of DEG groups meeting the threshold 
values of Log2 Fold Change > ±2, FDR adjusted p < 0.05 were evaluated for pathway enrichment. However, 
not all DEGs DNA sequences could be blasted to a metacyc ID or KEGG K identifier. The amino acid 


























































































































RefSeq Function of top two most 
significant (adjusted p) DEGs (log2Fold 
Change > ±2). 
A-B 25 (0.59) 13 (0.31) 10 15 1 (4.00) 1: hypothetical protein 2: ACI57256.1 hypothetical protein 
A-C 43 (1.02) 29 (0.69) 20 19 2 (4.65) 1: ACI56088.1 transcriptional regulator 
LuxR family 
2: ACS55582.1 histidine kinase 
A-D 42 (0.99) 32 (0.76) 14 18 8 (19.05) 1: ACI57516.1 transcriptional regulator 
XRE family 
2: ACS55582.1 histidine kinase 
A-E 58 (1.37) 29 (0.69) 27 19 4 (6.90) 1: ACS56907.1 hypothetical protein 
2: ACS55582.1 histidine kinase 
B-C 52 (1.23) 42 (0.99) 20 25 1 (1.92) 1: ACI56088.1 transcriptional regulator 
LuxR family 
2: ACS60957.1 3-hydroxybutyrate 
dehydrogenase 
B-D 76 (1.80) 59 (1.40) 27 37 10 (13.16) 1: ACI57516.1 transcriptional regulator 
XRE family 
2: ACS60957.1 3-hydroxybutyrate 
dehydrogenase 
B-E 82 (1.94) 51 (1.21) 40 31 2 (2.44) 1: ACS56366.1 hypothetical protein 
2: ACS60957.1 3-hydroxybutyrate 
dehydrogenase 
C-D 65 (1.54) 46 (1.09) 12 32 8 (12.31) 1: ACS56501.1 glutathione-dependent 
formaldehyde-activating GFA 
2: ACS57477.1 autoaggregation protein 
C-E 55 (1.30) 30 (0.71) 16 23 2 (3.64) 1: ACS56501.1 glutathione-dependent 
formaldehyde-activating GFA 
2: ACS58639.1 hypothetical protein 
D-E 37 (0.87) 12 (0.28) 21 16 8 (21.62) 1: ACS59506.1 hypothetical protein 








Table 4.2 Number of differentially expressed orthologous core genes (DEGs) shared across genospecies and 
gsC subbranch comparisons  
Strain grouping comparisons Number of DEGs shared 
(adj. p < 0.05) 
Number of DEGs shared 
(adj. p < 0.001) 
A-B, A-C, A-D, A-E 0 0 
A-B, B-C, B-D, B-E 0 0 
A-C, B-C, C-D, C-E 5 0 
A-D, B-D, C-D, D-E 7 1 
A-E, B-E, C-E, D-E 1 0 
C1-3, C1-6, C1-7, C1-8, C1-9 0 0 
C1-3, C3-6, C3-7, C3-8, C3-9 1 0 
C1-6, C3-6, C6-7, C6-8, C6-9 1 0 
C1-7, C3-7, C6-7, C7-8, C7-9 2 1 
C1-8, C3-8, C6-8, C7-8, C8-9 1 0 
C1-9, C3-9, C6-9, C7-9, C8-9 4 1 
 
 









4.4.3. Conserved co-expressed gene groups identify genospecies expression 


















































































































































Figure 4.2 PCA of Rlt strains grown under different Tryptone Yeast broth (TY) growth conditions, a) 
between genospecies and b) between gsC strains. Strains are coloured by their genospecies classification 
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0.73 (0.005) 0.67 (0.01) 0.61 (0.03) 0.29 (0.5) −0.032 (0.9) −0.013 (1) 0.17 (0.7) 0.61 (0.03) 0.78 (0.001) 0.00059 (1) 0.72 (0.005) 0.66 (0.02) −0.24 (0.6)
0.38 (0.3) 0.4 (0.2) 0.32 (0.4) −0.095 (0.8) −0.35 (0.3) −0.39 (0.2) −0.1 (0.8) 0.4 (0.2) 0.52 (0.1) −0.24 (0.6) 0.47 (0.2) 0.42 (0.2) 0.005 (1)
0.44 (0.2) 0.39 (0.2) 0.48 (0.2) 0.038 (0.9) −0.21 (0.6) −0.17 (0.7) −0.071 (0.9) 0.42 (0.2) 0.42 (0.2) −0.14 (0.8) 0.33 (0.4) 0.26 (0.5) 0.1 (0.8)
0.51 (0.1) 0.63 (0.03) 0.43 (0.2) −0.15 (0.7) −0.15 (0.7) −0.34 (0.3) −0.22 (0.6) 0.27 (0.5) 0.5 (0.1) −0.071 (0.9) 0.43 (0.2) 0.47 (0.2) 0.24 (0.6)
0.42 (0.2) 0.47 (0.2) 0.5 (0.1) 0.087 (0.8) −0.23 (0.6) −0.2 (0.6) −0.033 (0.9) 0.31 (0.4) 0.37 (0.3) −0.23 (0.6) 0.31 (0.4) 0.33 (0.4) 0.043 (0.9)
0.28 (0.5) 0.44 (0.2) 0.28 (0.5) −0.079 (0.9) 0.031 (0.9) −0.25 (0.5) −0.12 (0.8) 0.1 (0.8) 0.17 (0.7) −0.05 (0.9) 0.22 (0.6) 0.27 (0.5) 0.41 (0.2)
0.22 (0.6) 0.42 (0.2) 0.44 (0.2) 0.23 (0.6) −0.11 (0.8) −0.32 (0.4) 0.061 (0.9) 0.22 (0.6) 0.22 (0.6) −0.26 (0.5) 0.2 (0.6) 0.23 (0.6) 0.1 (0.8)
0.34 (0.3) 0.51 (0.1) 0.63 (0.03) 0.41 (0.2) 0.14 (0.8) −0.021 (1) 0.33 (0.4) 0.38 (0.3) 0.37 (0.3) 0.21 (0.6) 0.44 (0.2) 0.38 (0.3) −0.17 (0.7)
0.35 (0.3) 0.44 (0.2) 0.4 (0.2) 0.52 (0.1) 0.18 (0.7) −0.006 (1) 0.37 (0.3) 0.47 (0.2) 0.49 (0.1) −0.14 (0.8) 0.36 (0.3) 0.4 (0.2) −0.15 (0.7)
−0.069 (0.9)−0.052 (0.9)−0.051 (0.9) 0.52 (0.1) 0.31 (0.4) 0.19 (0.7) 0.48 (0.1) 0.04 (0.9) 0.029 (0.9) −0.045 (0.9) −0.013 (1) 0.057 (0.9) −0.28 (0.5)
0.2 (0.6) 0.048 (0.9) 0.12 (0.8) 0.55 (0.08) 0.13 (0.8) 0.3 (0.4) 0.41 (0.2) 0.37 (0.3) 0.2 (0.7) 0.058 (0.9) 0.27 (0.5) 0.19 (0.7) −0.44 (0.2)
0.13 (0.8) 0.36 (0.3) 0.31 (0.4) −0.091 (0.8) 0.19 (0.7) −0.18 (0.7) 0.15 (0.7) −0.19 (0.7) 0.26 (0.5) −0.26 (0.5) 0.24 (0.6) 0.28 (0.5) 0.22 (0.6)
0.091 (0.8) −0.053 (0.9) 0.19 (0.7) 0.4 (0.2) −0.052 (0.9) 0.11 (0.8) 0.24 (0.6) 0.37 (0.3) −0.015 (1) −0.011 (1) −0.086 (0.8)−0.084 (0.8) −0.1 (0.8)
0.25 (0.5) 0.15 (0.7) 0.3 (0.4) −0.09 (0.8) −0.35 (0.3) −0.13 (0.8) −0.044 (0.9) 0.22 (0.6) 0.2 (0.6) −0.26 (0.5) 0.21 (0.6) 0.12 (0.8) 0.19 (0.7)
0.059 (0.9) −0.065 (0.9) 0.12 (0.8) 0.093 (0.8) −0.26 (0.5) −0.041 (0.9) 0.072 (0.9) 0.27 (0.5) 0.11 (0.8) −0.18 (0.7) 0.18 (0.7) 0.02 (1) −0.042 (0.9)

















Figure 4.3 Groups of co-expressed Rlt core gene modules correlated with phenotypic growth differences 
between strains. A total of 47 of co-expressed gene modules were identified from 26 Rlt strains. Eigengene 
module expression values were correlated with growth of strains in various Tryptone Yeast broth 
conditions shown in X-axis. The heatmap is coloured by Pearson’s R correlation values, which are displayed 
along with bracketed Benjamini-Hochberg corrected p-values. Pearson’s R > 0.4 and with an adjusted p-
value < 0.05 are highlighted with bold black outlines. Modules are grouped into meta-modules using 
hierarchical clustering based on module eigengene value correlations. Black dots on Y-axis show modules 






















































Figure 4.4 Twelve co-expressed Rlt core gene modules that showed representative eigengene expression 
values, which significantly differed between genospecies (A-E). Strains are coloured by their genospecies 
classification and significances between genospecies are shown at the top of each panel with significance 
stars equating to; adjusted p < 0.05 = *, < 0.01 = **, < 0.001 = ***. Individual strain eigengene expression 





4.4.4. The expression of accessory genes is relatively lower across genospecies 
 As	only	some	of	the	strains	within	each	genospecies	shared	a	small	fraction	of	accessory	genome,	the	average	expression	levels	of	core	and	accessory	genomes	were	instead	compared	between	genospecies.	The	accessory	genome	included	12,136	out	of	16,365	genes	(74.16%)	in	the	26	Rlt	ortholog	group	pangenome.	In	order	to	compare	how	representative	expression	levels	were	based	on	the	subset	of	strains	evaluated	for	each	genospecies	group,	the	gene	expression	levels	of	59	gsC	strains	
Figure 4.5 Expression of two Rlt core gene modules significantly correlated with growth differences 
between Rlt genospecies. a-b) Growth of strains (OD600) correlated to eigengene expression values for 
Module 16 and Module 9, respectively. Pearson’s correlation coefficients and adjusted p-values are 
provided in Figure 4.3. c-d) gsC strains displayed significantly different mean module expression to other 
genospecies for Module 16 and 9, respectively. Strains are coloured and grouped by their genospecies 
classification. * adjusted p-value < 0.05 against all other genospecies comparisons. gsC* = 59 strains (2 in 
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Figure 4.6 Core and accessory genome expression differences across Rlt. a) Expression levels for core and 
accessory genes within each strain across Rlt genospecies. Gene expression counts were normalised by 
PoissonSeq and transformed using log2(n+1). b) Percentage of genes present but not expressed (0 counts) 
in the core and accessory genomes of strains from each Rlt genospecies. Error bars display the standard 
deviation. gsC* = 59 (2 in duplicate) strains utilised for the within-genospecies analyses (see Methods).  
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Table 4.3 Mean and median expression levels of Rlt genospecies A-E. Expression levels were calculated by 
normalising raw counts using PoissonSeq and transforming normalised counts by log2(n+1) transformation. 
Rlt strains used to calculate descriptive statistics include: gsA = 6, gsB = 5, gsC = 7, gsC* = 59 (2 in duplicate) 




A B C C* D E 
Core  Mean 8.498 8.481 8.505 8.448 8.562 8.546 
Median 8.489 8.493 8.491 8.421 8.597 8.530 
Accessory  Mean 6.871 6.843 6.732 6.556 6.921 6.970 
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Figure 4.7 Accessory genome size and functional annotation differences between genospecies. a) The 
number of accessory genes for each strain, grouped by genospecies. Error bars display the standard 
deviation. b) Percentage number of genes from Rlt core genome, and genospecies accessory genomes, 
assigned to KEGG functional categories. gsC* = 59 (2 in duplicate) strains utilised for the within-














4.5.2. Genospecies display distinct core genome transcriptome profiles linked to 




























Chapter 5. Identifying conserved operonic transcriptional units 



























(Mao et al., 2009, 2014) 
• DOOR: Open access database 
• DOOR2: operon prediction algorithm using genomic information and 
not transcriptomic data. 
• Calculates level of similarity between related operons in different 
organisms from database. 
OperonDB 
(Pertea et al., 2009) 
• Identify gene pairs located on the same DNA strand across different 
bacterial genomes. 
ProOpDB 
(Taboada et al., 2012) 
• Neural networking to predict operons stored in ProOpDB database.  
Rockhopper 
(McClure et al., 2013) 
 
• Algorithm to predict operon structure and transcriptional start and 
stop sites using RNA-seq mapping data, intergenic distance and 
expression correlations across experiments.  
• Run on single RNA-seq dataset at a time.  
RegulonDB 
(Huerta et al., 1998) 
• Database for E. coli K-12 putative operons identified across different 
growth treatments.  
MicrobesOnline 
(Dehal et al., 2009) 
 
• Utilises microarray data and genomic information to combine 
phylogenetic analysis of genes and correlation of expression profiles 
to identify conserved putative operons.  
OperomeDB 
(Chetal and Janga, 2015) 
 
• Uses RNA-seq data to identify condition-specific putative operon 
structures.  
• Uses Rockhopper software to operon prediction and iBrowse to 
visualise predicted operons. 
• Analysis carried out individually for each bacterial genome. 
• Suggested for comparative operomics analysis. 
REMap 
(Pelly et al., 2016) 
 
• Utilises BAM file transcriptomic data, gff file and user-determined 
expression parameters.  
• Algorithm evaluates transcription coverage within genes and 
intergenic regions (intergenic region length not limited). Does not 
rely heavily on gene structure or functional annotations. 
• Algorithm can be modified for specific bacterial species. 
• Alternative to Rockhopper, it does not split putative operons if ORF 
are identified on the complementary strand.  
CONDOP 
(Fortino, Tagliaferri and 
Greco, 2016) 
 
• R package  
• Determines operon pairs and non-operon pairs with genomic 
(genome sequence, gff and DOOR files) and raw count transcriptomic 
data 
• Uses three machine learning approaches (neural networks, support 
vector machines, random forests) to identify adjacent similarly 
identified genes and link them into operon groups.  
SeqTU 
(Chen et al., 2017) 
 
• Developed by the creators of DOOR. Part of the DOOR2 package. 
• Uses RNA-seq expression level continuity and variance.  
• Gene functional relatedness evaluated with KEGG and GO terms. 
• Calibrate organism-specific predictor parameters. 
• Uber-operon predictor. 
Operon-Mapper 
(Taboada et al., 2018) 
 
• Uses only genomic sequences to calculate intergenic distances and 
relationships between gene functions to generate an artificial neural 
network for operon prediction.  
• Transcriptomic data is not considered.  














5.3.1. Genome and transcriptome data sources and strain metadata   
 Three	to	seven	Rhizobium	leguminosarum	symbiovar	trifolii	strains	from	each	genospecies	(gsA	=	6,	gsB	=	5,	gsC	=	7,	gsD	=	5,	gsE	=	3:	Total	=	26)	were	selected	from	the	196	Rlt	strain	NCHAIN	collection	for	this	study	(Cavassim	et	al.,	2020).	Only	the	orthologous	genes	identified	from	the	196	Rlt	strain	collection	were	utilised	for	the	operon	prediction	(Cavassim	et	al.,	2020).	These	orthologous	gene	groups	were	previously	identified	using	ProteinOrtho	(v.5.16b)	and	were	functionally	annotated	using	Prokka	(v.1.12),	to	provide	putative	RefSeq	accession	numbers	and	protein	product	information	(Cavassim	et	al.,	2020).			Transcriptome	data	for	the	26	strains	was	obtained	and	processed	as	described	previously	(Chapter	4).	In	brief,	to	generate	the	transcriptome	data	the	strains	were	cultured	individually	in	5	ml	of	Tryptone	Yeast	(TY)	broth	(5	g	Tryptone,	2.5	g	Yeast	Extract,	1.47	g	CaCl2,	per	litre	volume)	with	1µM	7,4’-dihydroxyflavone	(clover	flavonoid	stock	concentration	solubilised	in	DMSO)	for	48	hours,	28°C,	180	rpm.	7,4’-dihydroxyflavone	was	added	to	the	TY	broth	to	induce	expression	of	Rlt	nodulation	gene	operon,	nodABCIJ,	which	was	used	to	validate	the	operon	prediction	threshold	parameters	in	this	study	(Djordjevic	et	al.,	1987).	Raw	gene	expression	count	data	was	normalised	based	on	expression	of	4,229	Rlt	core	genes	using	PoissonSeq	(v.1.1.2),	and	further	log	transformed,	as	described	previously	(Chapter	4).	Metadata	for	strains	can	be	found	in	Appendix	C:	Chapter	4	(Appendix	Table	C.1).	
 









5.3.3. Core and accessory gene classification 
 Genes	were	classed	as	core	or	accessory	based	on	their	frequency	in	196	Rlt	strains	(Cavassim	et	al.,	2020).	If	genes	were	present	in	all	196	strains,	they	were	considered	core	genes,	which	resulted	in	4,229	core	genes	including	25	symbiosis	genes.	All	other	genes	were	considered	as	accessory.	Genospecies	enriched	genes	were	classed	as	genes	present	in	at	least	90%	of	strains	in	a	genospecies	from	the	196-strain	dataset,	and	absent	in	at	least	90%	of	the	four	other	genospecies.	
 




























































































































Figure 5.1 Validation of intergenic distance thresholds to determine genospecies transcriptional units. a) 
Distribution of intergenic region lengths (base pairs) between adjacent genes for genospecies A-E. Red 
line indicates 200 bp. b) gsB mean intergenic distance (base pairs) for adjacent genes arranged by their 
order along a region of the symbiosis plasmid in gsB strain, SM3. Red line indicates an intergenic distance 





















































































































































































































































Figure 5.2 Validation of gene expression thresholds to determine genospecies transcriptional units. (Continued on following page).  
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Figure 5.2 continued. Validation of gene expression thresholds to determine genospecies transcriptional 
units. Panels b,e,c, and f are based on genes within a region of the symbiosis plasmid, with genes arranged 
by their genome order in gsB strain, SM3. a) Distribution of adjacent gene pairs gene expression Pearson’s 
correlation coefficients for gsB. Red line indicates a gene expression correlation coefficient of 0.8. b) gsB 
Pearson’s correlation coefficients for gene expression correlations of all pairwise gene combinations. Gene 
expression correlation coefficients are shown on a scale ranging from positive (red) to negative (blue). c) 
Pearson’s correlation coefficients for gsB adjacent genes expression correlation. Red line indicates a 
Pearson’s correlation coefficient of 0.8. d) Distribution of adjacent gene pair deviance scores for gsB. Red 
line indicates a deviance score of 3. e) gsB deviance scores for all pairwise gene combinations within a 
region of the SM3 symbiosis plasmid. Deviance scores are shown on a scale ranging from 0 (yellow) to 
above 3 (dark blue). f) Deviance scores for gsB adjacent genes. Red line indicates a deviance score of 3. All 













Table 5.2 The number of genes for consideration of transcriptional unit generation before and after operon 
filtering parameters. Before filtering, gene pairs must be present in at least 3 strains of a genospecies and 
located adjacently in at least 1 strain. Filtering parameters include intergenic distance < 200 bp, Pearson’s 
correlation coefficient > 0.8, deviance score < 3.  
 
 























A 6530 2754 (42.17) 6876 1743 (25.35) 844 (12.27) 
B 6936 3097 (44.65) 7103 1976 (27.82) 961 (13.53) 
C 7634 3392 (44.43) 8198 2212 (26.98) 982 (11.98) 
D 6988 2393 (34.24) 7191 1437 (19.98) 913 (12.70) 
E 6172 2974 (48.19) 6067 1911 (31.50) 799 (13.17) 
 169 
Table 5.3 The number of transcriptional units with a specific number of genes. The total number of transcriptional units identified for each genospecies is noted. Additionally, the number 
of transcriptional units conserved within WGCNA modules (i.e. not split across several WGCNA modules) is noted. *Only core genes were considered for the conservation calculation, and 































































































































A 1012 2.73 306/616 
(49.66%)  
631 211 76 48 24 12 6 2 1 1 - - - - 
B 1122 2.77 342/639 
(53.52%) 
680 239 101 55 22 11 3 6 3 1 - 1 - - 
C 1184 2.86 310/602 
(51.49%) 
719 230 94 67 32 13 11 10 3 1 2 1 1 - 
D 956 2.49 292/542 
(53.87%) 
684 172 55 22 10 2 3 3 2 2 1 - - - 
E 1063 2.81 310/710 
(43.66%) 
640 220 99 46 31 15 2 6 2 - 1 - - 1 
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Table 5.4 The total number of genes in transcriptional units that are classified as core, genospecies enriched, 
accessory and symbiosis genes across all five genospecies A-E. Gene group classification is based on gene 
frequency in 196 Rlt strains. 
Genospecies Total no. 
of genes 









A 2754 1730 (62.82) 83 (3.01) 923 (33.51) 18 (0.65) 
B 3097 1782 (57.54) 158 (5.10) 1138 (36.75) 19 (0.61) 
C 3392 1757 (51.80) 73 (2.15) 1540 (45.40) 22 (0.65) 
D 2393 1448 (60.51) 27 (1.13) 903 (37.73) 15 (0.63) 






2 3 4 5 6 7 8 9 10 11 12 13 14 15













































































Figure 5.3 Transcriptional unit abundance and size across genospecies. a) Number of genes in 
transcriptional units for each genospecies A-E. Percentages of genes in transcriptional units are displayed. 
b) Percentage of genes in transcriptional units for each genospecies that are core, accessory, genospecies 
enriched or symbiosis genes. Gene types are classified based on their frequency in 196 Rlt strains. c) The 
number of transcriptional units made up of n number of genes across all 5 genospecies.  








































































































































































































































































































































































































































































































































































































































































































































































































































group3047 group6474group240 group7915 group2600 group381group6906 group1462
group5755 group1489 group2505group11670 group2465 group5624 group3152group7684






group5241 group5776 group2454group704 group470group11209
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group3766 group861group4648group2340group9714 group6018 group911
group312group11417
group7498 group5266group5137group1921 group549 group4943 group3973 group3934group6752group1059
group6017 group4647group3767group910 group860group9715 group2341
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group4893group3625 group5673group4985group4808group5276 group4999 group2500
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group2017 group4765group2106group4273 group4461 group2793group573group2906group1475 group11219
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Figure 5.4 gsB transcriptional units generated using the following filtering parameters: R correlation > 0.8, 
deviance < 3, intergenic distance < 200 bp, must be adjacent gene pair in at least 3 strains. Nodes are 
genes colour coded by: Blue = core, Purple = accessory, Pink = genospecies enriched, Green = symbiosis. 
Edge colour increases from blue to purple with increased gene expression correlation between adjacent 
pairs. Edge thickness increases with decreasing deviance score. a) Shows the comparison of 
‘Transcriptional unit A’ gene content between genospecies B and genospecies C. * indicates a unit which 
contains only genospecies enriched genes and has functional associations to an efflux pump system. ▲ 
Indicates the nodABCIJ nodulation gene operon. ■ Indicates a non-linear transcriptional unit.  
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Table 5.5 The number of transcriptional units shared across genospecies groups. 
Comparisons Number of shared transcriptional 
units (gene order conserved) 
Number of additional shared 
transcriptional units (gene order 
not conserved) 
AB 368 0 
AC 372 1 
AD 297 0 
AE 352 0 
BC 386 0 
BD 315 0 
BE 335 0 
CD 302 0 
CE 368 2 
DE 299 0 
All species 94 0 
BCDE 108 0 
ACDE 123 0 
ABDE 120 0 
ABCE 142 0 
ABCD 129 0 
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met	despite	displaying	negative	intergenic	distances	(gsA	cycH-cycJ	correlation	=	0.54,	deviance	=	11.50;	gsA	cycK-cycL	correlation	=	0.95,	deviance	=	6.32).	The	correlation	coefficients	and	deviance	scores	seemed	to	indicate	the	cycL	was	not	transcribed	in	the	same	way	as	the	other	genes.	However,	the	intergenic	distance	for	cycL	is	highly	conserved	between	all	strains	regardless	of	genospecies	and	has	a	consistent	negative	base	pair	distance	with	cycK	of	-4	bp,	which	would	indicate	that	cycL	is	part	of	the	operon.	Further	investigation	identified	that	co-expression	correlation	coefficients	and	deviance	scores	were	found	to	tail	off	at	the	end	of	many	transcriptional	units	(Figure	5.2c,	Figure	5.2f).	A	staircase-like	expression	behaviour	of	genes	within	operons	could	explain	the	reduced	correlation	and	increased	deviance	scores	towards	the	ends	of	operons,	as	transcription	is	often	higher	at	the	5’	end	of	operons	with	transcription	efficiency	reducing	towards	the	3’	end	resulting	in	incomplete	mRNA	transcription	(Güell	
et	al.,	2009;	Maier	et	al.,	2011;	Schmidt	et	al.,	2011;	Arike	et	al.,	2012).	Consequently,	the	threshold	for	operon	prediction	in	the	samples	might	have	been	too	conservative.	However,	stringent	parameter	values	also	enabled	confident	identification	of	putative	operons	with	highly	conserved	expression	patterns	across	genospecies.		In	addition,	transcriptional	units	were	also	validated	by	confirming	whether	they	were	maintained	within	WGCNA	modules	of	co-expressed	core	genes	that	were	generated	previously	(Chapter	4).	Calculation	of	WGCNA	modules	did	not	consider	intergenic	distances	or	genospecies	strain-grouping,	and	instead	relied	on	converting	expression	correlations	of	all	genes	into	a	signed	and	weighted	expression	network	for	hierarchical	clustering	based	on	expression	across	all	Rlt	strains.	43.66-53.87%	of	transcriptional	units	were	maintained	when	intersected	by	WGCNA	modules	(Table	5.3).	gsD	had	the	highest	percentage	of	conserved	transcriptional	units	in	Rlt	WGCNA	core	gene	modules,	whereas	gsE	had	the	lowest	percentage	of	maintained	transcriptional	units	(Table	5.3;	Additional	File	6:	Table	S5).	Similarly,	several	transcriptional	units	were	identified	within	the	grey	WGCNA	group	(containing	genes	which	were	not	assigned	to	a	WGCNA	module),	but	these	transcriptional	units	contained	less	than	3	genes,	and	therefore	would	have	been	removed	due	to	the	requirement	of	3	genes	minimum	per	WGCNA	module.	Only	one	transcriptional	unit	containing	3	genes	encoding	a	tripartite	tricarboxylate	membrane	transporter	was	found	in	the	grey	WGCNA	group,	and	it	is	speculated	this	was	identified	because	it	was	only	classed	as	a	transcriptional	unit	in	gsB	
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and	gsE,	suggesting	its	co-expression	is	not	tightly	conserved	across	all	genospecies.	Together,	this	suggests	that	while	known	operons	could	be	identified	as	transcriptional	units	within	this	study,	choosing	parameters	is	also	challenging	as	operon	expression	can	substantially	vary	across	strains	which	can	potentially	lead	to	undetected	or	truncated	transcriptional	units.			
5.5. Discussion 	 Genome	annotation	and	single	replicate	transcriptome	data	from	multiple	strains	was	utilised	to	build	generalised	‘operomes’	for	five	Rlt	genospecies	(Additional	File	6:	Table	S6).	Approximately	1000	transcriptional	units	were	identified	for	each	genospecies	individually,	and	94	of	these	transcriptional	units	were	conserved	across	all	five	genospecies	A-E.	A	combination	of	ortholog	identification,	intergenic	distance	measures,	gene	expression	correlation	and	expression	deviance	were	used	to	generate	transcriptional	units	equating	to	putative	operons.	Expression	deviance	also	provided	an	additional	supporting	metric	for	operon	generation.	Furthermore,	the	genomic	and	transcriptomic	traits	of	the	Rlt	nodulation	nodABCIJ	operon	were	used	as	a	control	to	validate	the	appropriateness	of	the	chosen	operon	prediction	parameters.	This	method	exploits	the	variation	in	genomic	architecture	and	expression	levels	across	multiple	strains	grown	under	the	same	conditions	to	determine	species	conserved	operons.	Overall,	the	use	of	multiple	different	strains	to	characterise	Rlt	species	and	genospecies	transcriptional	units	also	highlighted	that	substantial	variation	in	the	expression	of	putative	operons	is	evident	across	strains	within	the	same	species.			
 
5.5.1. Optimisation of genetic and transcriptomic parameters using multiple strains 
 For	this	study,	intergenic	distance	distributions	suggested	that	most	adjacent	genes	had	an	intergenic	distance	<200	bp	(Figure	5.1a),	and	subsequently	gene	pairs	with	an	intergenic	distance	below	this	threshold	were	chosen	as	potential	transcriptional	unit	gene	pairs	for	further	evaluation.	Additionally,	these	intergenic	distance	distributions	were	also	in	agreement	with	distributions	identified	in	previous	studies	(Ermolaeva,	White	and	Salzberg,	2001;	De	Hoon	et	al.,	2004;	Dam	et	al.,	2007;	Wang,	MacKenzie	and	White,	2015). Intergenic	distance	has	been	suggested	to	be	the	most	reliable	indicator	for	
  175 
operon	prediction	and	is	used	as	a	parameter	in	nearly	all	operon	identification	studies	(Dam	et	al.,	2007).	However,	this	pipeline’s	intergenic	distance	calculations	differ	from	previous	studies	that	commonly	just	use	intergenic	distance	measures	determined	from	a	single	strain.	For	analysis	of	intergenic	distance,	the	average	distance	was	calculated	between	orthologous	gene	pairs	when	they	were	adjacent	in	at	least	1	strain	in	a	genospecies,	but	the	genes	must	be	present	in	a	minimum	of	three	genomes	in	order	to	evaluate	co-expression	across	strains.	Therefore,	the	number	of	replicates	for	each	adjacent	gene	intergenic	distance	calculation	is	not	necessarily	the	same	each	time,	especially	when	accessory	genes	are	considered.	This	enabled	identification	of	genospecies	transcriptional	units	which	have	more	flexible	gene	arrangements	across	strains.	 	A	marginally	bimodal	distribution	was	identified	for	intergenic	distances	between	adjacent	genes,	with	a	major	sharp	peak	under	40	bp	and	another	smaller	shallow	peak	at	around	70-100	bp.	This	intergenic	distance	distribution	is	also	observed	in	genomes	of	other	bacterial	species	(Salgado	et	al.,	2000;	Ermolaeva,	White	and	Salzberg,	2001;	De	Hoon	et	al.,	2004;	Price,	Arkin	and	Alm,	2006;	Okuda	et	al.,	2007).	The	smaller	second	intergenic	distance	peak	has	been	suggested	to	represent	the	intergenic	distances	of	genes	at	the	borders	of	transcriptional	units	in	E.	coli	(Salgado	et	al.,	2000).	On	the	other	hand,	these	intergenic	distances	could	also	be	generated	from	operons	that	are	highly,	but	inconsistently,	expressed	because	they	have	wider	intergenic	regions	than	other	operons	(Eyre-Walker,	1995;	Price,	Arkin	and	Alm,	2006).	Genome-specific	distance	models	have	also	shown	that	operon	structures	in	different	bacterial	species	can	differ	from	the	model	E.	coli	operon	structures	(Price,	Arkin	and	Alm,	2006).	For	example,	the	maximum	accepted	intergenic	distance	between	operon-genes	varies	between	studies,	ranging	from	20bp	to	300bp	(Salgado	et	al.,	2000;	Ermolaeva,	White	and	Salzberg,	2001;	De	Hoon	et	al.,	2004;	Wang	et	al.,	2004;	Price,	Arkin	and	Alm,	2006).	Predominantly,	genes	with	intergenic	distances	greater	than	200	bp	have	been	considered	to	not	be	in	the	same	operon	(Ermolaeva,	White	and	Salzberg,	2001;	Wang,	MacKenzie	and	White,	2015).	The	variation	in	accepted	intergenic	distance	length	is	understandable	as	it	cannot	be	assumed	that	the	genomic	architecture	of	all	bacterial	genomes,	and	between	all	operons	within	the	same	genome,	are	consistent	(Wang	et	al.,	2004;	Edwards	et	al.,	2005;	Price,	Arkin	and	Alm,	2006).	For	these	reasons,	and	due	to	this	analysis	calculating	
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the	average	intergenic	distance	from	multiple	genomes,	a	more	relaxed	intergenic	distance	threshold	was	opted	for	compared	to	other	studies	to	account	for	the	genomic	variability	between	strains	of	the	same	genospecies	(De	Hoon	et	al.,	2004;	Price	et	al.,	2005;	Brinza	et	al.,	2010).		In	addition	to	intergenic	distance	between	adjacent	genes,	gene	pairs	were	specified	to	have	an	expression	correlation	coefficient	>	0.8	and	an	expression	deviance	<	3	(Figure	5.2).	Expression	correlation	thresholds	were	based	on	the	distribution	of	adjacent	gene	pair	expression	correlation	coefficients	(Figure	5.2a-c)	with	consideration	to	the	thresholds	used	in	previous	operon	prediction	studies	(Dam	et	al.,	2007;	ten	Broeke-Smits	et	al.,	2010).	Using	a	deviance	score	further	enabled	evaluation	of	transcriptional	co-expression	between	genes,	and	the	threshold	was	determined	based	on	distribution	of	deviance	scores	across	adjacent	gene	groups	with	additional	consideration	to	the	deviance	scores	calculated	for	the	known	symbiosis	nodulation	gene	operon,	nodABCIJ	(Figure	5.2d-f).	The	distribution	of	adjacent	gene	pairs	expression	correlation	coefficients	was	observed	to	be	similar	to	those	in	previous	studies	using	E.	coli	and	B.	
subtillis	(Okuda	et	al.,	2007).	Expression	parameters	were	quite	stringent	and	were	chosen	in	order	to	confidently	identify	only	the	gene	pairs	which	are	highly	likely	to	be	in	operons,	as	comparing	expression	across	multiple	genomes	can	incur	substantial	noise.	However,	identifying	putative	operons	using	only	expression	data	also	can	incur	false-positive	operons.	This	is	because	adjacent	genes	can	be	considered	co-expressed	by	having	common	co-regulation	but	still	be	in	separate	operons	(Westover	et	al.,	2005;	Dam	et	al.,	2007).	Similarly,	genes	within	the	same	operon	can	be	differentially	expressed	if	there	are	multiple	dynamically	expressed	transcriptional	units	within	the	operon	that	are	dependent	on	certain	environmental	signals	(Oliver	et	al.,	2009).	Therefore,	it	is	vital	for	operon	prediction	to	be	determined	based	on	both	genomic	and	transcriptomic	information	between	adjacent	gene	pairs	from	multiple	strains	in	order	to	fully	consider	the	flexibility	of	operon	structures	across	species.			For	each	genospecies,	42.17-48.19%	of	orthologous	genes	were	assigned	into	a	transcriptional	unit	(except	gsD	at	34.24%;	Table	5.2;	Figure	5.3a),	which	is	lower	than	the	62%	of	genes	reported	for	Staphylococcus	aureus	(ten	Broeke-Smits	et	al.,	2010).	However,	the	percentage	calculated	for	S.	aureus	was	based	on	the	genes	in	one	strain,	




5.5.2. Species-conserved putative operons contain core and accessory genes 
 Transcriptional	units	were	identified	that	contained	purely	core	genes,	purely	accessory	genes,	and	those	containing	a	mixture	of	core	and	accessory	genes	(Figure	5.4;	Appendix	Figure	D.4-Appendix	Figure D.7;	Table	5.4).	Fewer	accessory	genes	were	found	to	be	incorporated	into	operons	compared	to	core	genes	(Table	5.4).	This	could	be	due	to	the	large	number	of	years	required	for	horizontally	transferred	genes,	such	as	some	accessory	genes,	to	be	incorporated	into	the	strain	regulatory	network	(Lercher	and	Pal,	2008).	Similarly,	it	is	speculated	that	the	reduced	frequency	of	accessory	genes,	their	less-essential	functional	associations,	and	reduced	expression	levels	slows	their	integration	into	the	species	regulatory	network	(Galardini	et	al.,	2015).	However,	94	operons	were	found	to	be	conserved	across	all	genospecies,	some	of	which	contained	both	core	and	accessory	gene	components	(Additional	File	6:	Table	S4).	The	functions	of	the	cross-species	conserved	operons	were	predominantly	associated	with	vital	cellular	
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functioning	mechanisms	such	as	ribosomal	protein	assembly	and	various	cellular	transport	mechanisms,	which	explains	their	high	conservation	across	Rlt	genospecies.	The	majority	of	these	mixed	core-accessory	gene	operons	constituted	2-3	genes.	Therefore,	introgression	of	accessory	genes	into	a	core	operon	seems	to	have	enabled	regulation	of	accessory	genes	by	core	genome	regulatory	components	in	some	cases	(Galardini	et	al.,	2015).			Additionally,	operons	containing	purely	genospecies	enriched	genes	(i.e.	genes	that	are	highly	present	in	one	genospecies	and	highly	absent	in	all	others)	were	identified	for	all	genospecies.	gsB	was	found	to	have	the	most	operons	containing	only	genospecies	enriched	genes	and	this	is	likely	because	gsB	is	the	most	genetically	homogeneous	genospecies	from	the	196	Rlt	strain	dataset	(Cavassim	et	al.,	2019).	For	example,	in	gsB	a	genospecies	enriched	gene	operon	containing	five	genes	was	identified	that	constituted	the	components	of	an	efflux	pump	system	(Figure	5.4).	This	suggests	that	gsB	strains	have	acquired	a	bacterial	efflux	pump	system	potentially	for	active	transport	of	antibiotics,	heavy	metals,	or	nodulation	factors	(Nikaido,	2018).	Additionally,	the	known	rhizosphere-induced	operon,	rhiABC,	was	identified	only	in	gsC	(Appendix	Figure	D.5)	(Cubo	et	al.,	1992;	Rodelas	et	al.,	1999).	These	transcriptional	units	containing	genospecies-enriched	genes	could	be	used	to	identify	specific	functional	attributes	that	are	highly	associated	to	a	particular	genospecies,	and	which	may	provide	some	competitive	advantage	in	the	soil	rhizosphere	over	other	genospecies.			Out	of	the	symbiosis	nodulation	gene	operons,	only	nodABCIJ	and	nodEF	were	conserved	across	all	genospecies	as	transcriptional	units	(Hong,	Burn	and	Johnston,	1987a).	Nodulation	gene	transcriptional	units	were	expected	and	observed	to	be	the	most	easily	identified	symbiosis	gene	groups,	because	strains	were	grown	in	Tryptone	Yeast	(TY)	broth	with	1	µM	7,4’-dihydroxyflavone	(clover	flavonoid)	which	activates	the	NodD	transcriptional	activator	of	nod	genes	(Djordjevic	et	al.,	1987).	However,	nif	and	fix	gene	transcriptional	units	were	not	conserved	across	all	genospecies,	and	this	is	likely	because	nif	and	fix	genes	are	only	activated	and	consistently	expressed	in	clover	nodules	when	strains	differentiate	into	their	bacteroid	form	(Herman	P.	Spaink	et	al.,	1987).	Therefore,	variable	and	low	nif	and	fix	gene	expression	across	strains	contributed	to	their	lack	of	transcriptional	unit	conservation	across	genospecies.		
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	Taken	together,	it	is	unlikely	that	the	majority	of	Rlt	transcriptional	units	have	been	identified.	This	is	because	rare	accessory	gene	operons	will	have	been	prone	to	removal	due	to	their	low	frequency	across	strains	excluding	them	from	the	analysis.	Nevertheless,	utilising	multiple	genomes	has	been	able	to	identify	conserved	transcriptional	units	that	do	contain	accessory	genes	which	were	expressed	consistently	across	strains	under	particular	environmental	conditions.	Environmental	differences	are	also	important	for	identifying	core	transcriptional	units	that	are	expressed	under	specific	conditions.	However,	these	transcriptional	units	may	have	not	been	detected	in	this	study	due	to	the	environmental	conditions	being	inadequate	to	induce	their	expression.		
5.5.3. Study limitations and future research 
 Parameters	included	in	other	studies,	which	were	not	considered	in	this	study,	are	predominantly	based	on	using	large	confirmed-operon	reference	databases	for	E.	coli	or	
B.	subtilis	(De	Hoon	et	al.,	2004;	Fortino	et	al.,	2014).	For	example,	optimal	operon	length	parameters	were	determined	for	B.	subtilis	and	E.	coli	studies	based	on	the	distributions	from	previously	curated	operon	datasets	(De	Hoon	et	al.,	2004).	The	use	of	reference	operon	databases,	such	as	RegulonDB	(Fortino	et	al.,	2014),	has	also	enabled	use	of	Bayesian	models	to	predict	operons	on	other	strains	(Brinza	et	al.,	2010;	Chen	et	al.,	2017).	However,	operon	predictors	trained	on	E.	coli	and	B.	subtilis	do	not	necessarily	apply	well	to	other	genomes,	which	are	known	to	be	largely	diverse	in	genomic	structure	and	gene	content	(Wolf	et	al.,	2001;	Romero	and	Karp,	2004;	Dam	et	al.,	2007;	Koonin,	2009;	Osbourn	and	Field,	2009).	It	would	therefore	be	insightful	to	test	whether	this	pipeline	can	identify	operons	for	other	bacterial	species	where	alternative	known	operons	can	be	used	to	validate	chosen	parameter	thresholds.		Another	previously	used	determinant	of	operon	prediction	that	was	not	used	is	the	identification	of	Transcriptional	Start	and	Terminator	Sites	(TSS	and	TTS)	(Brinza	et	al.,	2010;	Wang,	MacKenzie	and	White,	2015;	Chen	et	al.,	2017;	Slager,	Aprianto	and	Veening,	2018).	However,	studies	that	searched	for	TSS	and	TTS	only	utilised	one	strain	genome	under	varying	environmental	conditions	for	operon	prediction	(with	the	exception	Brinza	et	al.’s	(2010)	use	of	RegulonDB),	whereas	in	this	study	three	to	seven	
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strains	grown	under	the	same	conditions	were	used	for	each	genospecies.	Future	investigations	could	therefore	try	to	identify	conserved	TSS	and	TTS’s	across	genomes	and	would	be	a	useful	addition	to	operon	identification.			Additionally,	the	operon	prediction	pipeline	used	in	this	study	is	especially	dependent	on	conservation	of	gene	order	because	genomic	information	is	utilised	from	multiple	strains	to	predict	genospecies-conserved	operons.	Gene	order	conservation	across	multiple	genomes	(either	from	recent	vertical	or	horizontal	transmission)	increases	the	probability	of	gene	pairs	being	part	of	an	operon	(Ermolaeva,	White	and	Salzberg,	2001;	Tamames,	2001;	Wolf	et	al.,	2001;	Edwards	et	al.,	2005;	Junier	and	Rivoire,	2016).	For	the	operon	prediction	pipeline	in	this	study,	this	suggests	that	many	of	the	transcriptional	units	are	likely	to	be	real,	as	gene	pairs	must	be	present	across	at	least	three	strains	(although	only	required	to	be	adjacent	in	at	least	1	strain)	to	be	included	in	the	analysis.	At	short	phylogenetic	distances,	gene	order	is	more	conserved	due	to	recent	divergence.	Therefore,	this	criterion	worked	well	for	this	study,	which	contained	strains	within	the	same	sub-species	of	Rlt	(Tamames	et	al.,	1997;	Tamames,	2001).	However,	the	shortcoming	of	relying	on	gene	order	for	operon	prediction	is	that	operons	with	reordered	but	conserved	genes	are	not	recognised	(Itoh	et	al.,	1999;	Wolf	et	al.,	2001).	For	example,	many	of	the	94	cross-genospecies	conserved	transcriptional	units	have	a	transporter-associated	or	protein-subunit	function	whereby	conservation	of	gene	order	within	the	operon	is	important	for	function	(Additional	File	6:	Table	S4).	However,	when	gene	order	within	transcriptional	units	is	not	considered	the	number	of	shared	transcriptional	units	between	genospecies	was	found	to	remain	almost	exactly	the	same	(Table	5.5).	This	highlighted	the	strong	conservation	of	gene	order	within	the	transcriptional	units	in	this	investigation.	Operons	are	also	not	identified	when	genes	are	appended	onto	the	end	of	an	existing	operon	(Price,	Arkin	and	Alm,	2006),	which	for	this	operon	prediction	pipeline	classifies	them	as	different	operons	(Figure	5.4a).			If	gene	pairs	had	a	negative	intergenic	distance	or	less	than	200	bp	distance,	but	a	correlation	coefficient	below	0.8	and	deviance	more	than	3,	then	the	gene	pair	would	not	be	considered	a	transcriptional	unit.	This	is	regardless	of	the	fact	negative	and	small	intergenic	distances	would	suggest	gene	pairs	are	highly	likely	to	part	of	the	same	operon	(Salgado	et	al.,	2000;	De	Hoon	et	al.,	2004;	Price,	Arkin	and	Alm,	2006).	Due	to	
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et	al.,	2017).	Indirect	competitive	interactions,	such	as	when	a	strain	more	effectively	metabolises	a	resource	so	that	it	becomes	limited	for	other	strains	to	utilise,	could	suppress	strain	growth	in	communities	and	subsequently	reduce	the	symbiont	population	diversity	in	the	rhizosphere	of	legume	hosts	(Ramachandran	et	al.,	2011;	Becker	et	al.,	2012).	Strains	that	are	more	genetically	related	are	suggested	to	have	a	stronger	competition	for	shared	resources	due	to	higher	niche	overlap	of	metabolic	capabilities	(Griffin,	West	and	Buckling,	2004).	Additionally,	indirect	competition	can	be	mediated	by	siderophores,	which	are	used	by	rhizobia	to	sequester	iron	and	subsequently	inhibit	growth	of	competitor	strains	(Joshi	et	al.,	2008;	diCenzo	et	al.,	2014;	Kramer,	Özkaya	and	Kümmerli,	2019).	Indirect	growth	suppression	has	previously	been	evaluated	by	observing	the	interaction	between	strains	and	competitor	strain	supernatants.	Supernatant	interactions	consider	the	resource	consumption	and	secreted	metabolites	by	one	strain	into	growth	media	and	both	mechanisms	can	restrict	growth	of	other	strains.	While	Rhizobium	supernatant	interactions	have	been	studied	at	the	interspecies	level	with	other	microbes	(Plazinski	and	Rolfe,	1985;	Abd-Alla	et	al.,	2014),	there	exists	only	one	study	where	the	supernatant	effects	between	two	Rhizobium	
leguminosarum	symbiovar	viciae	(Rlv)	strains	was	shown	to	affect	strain	nodulation	and	nitrogen	fixation	efficiency	(Bladergroen,	Badelt	and	Spaink,	2003).	Rhizobia	can	also	interact	via	interference	(direct)	competition,	whereby	strains	actively	prevent	one	another’s	growth	(Ghoul	and	Mitri,	2016;	Checcucci	et	al.,	2017).	One	mechanism	by	which	bacteria	can	inhibit	growth	of	neighbouring	strains	is	through	secretion	of	quorum	sensing	chemical	signalling	molecules	that	increase	in	concentration	in	a	cell	density-dependent	manner	and	lead	to	altered	regulation	of	gene	expression	of	sensitive	strains	(Miller	and	Bassler,	2001;	Wisniewski-Dyé	and	Downie,	2002).	Quorum	sensing	molecules	have	been	predominantly	identified	as	N-acyl	homoserine	lactones	(AHLs),	and	Rhizobium	are	known	to	produce	the	greatest	diversity	of	these	quorum	sensing	molecules	among	soil	bacteria	(Cha	et	al.,	1998;	Wisniewski-Dyé	and	Downie,	2002).	Rhizobia	can	use	AHLs	to	regulate	growth	inhibition	and	surface	polysaccharide	production	of	susceptible	neighbouring	strains,	in	addition	to	other	physiological	activities	and	plant	interactions	(Schwinghamer	and	Brockwell,	1978;	Miller	and	Bassler,	2001;	Wisniewski-Dyé	and	Downie,	2002;	Downie,	2010).	These	bacterial	quorum	sensing	systems	have	been	suggested	to	be	advantageous	in	crowded	rhizospheres	of	nodulated	legumes	where	strains	can	influence	colonization	functions	such	as	cell	
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genetically	similar	strains;	and	2)	cooperation	can	be	beneficial	by	increasing	the	invasion	resistance	of	communities	(Bruno,	Stachowicz	and	Bertness,	2003;	Griffin,	West	and	Buckling,	2004;	Hibbing	et	al.,	2010;	Zee	and	Bever,	2014).	Syntrophic	interactions	between	rhizobia	(where	waste	products	from	one	strain	can	be	metabolised	by	another	strain)	are	another	cooperative	mechanism.	This	cross-feeding	interaction	has	been	observed	between	rhizobia	and	other	bacterial	species	(Silva	et	al.,	2019)	and	it	could	facilitate	the	coexistence	of	rhizobia	strains	and	thereby	increase	their	chances	in	initiating	symbiosis	(Bruno,	Stachowicz	and	Bertness,	2003;	Silva	et	al.,	2019).	In	support	for	this,	nodulation	and	nitrogen	fixation	has	been	shown	to	increase	local	resources	at	the	legume	root,	which	could	also	benefit	free-living	rhizobia	in	close	proximity	to	the	nodule	(Zee	and	Bever,	2014;	Teng	et	al.,	2015).	Refining	facilitative	interactions	further,	some	rhizobia	can	stimulate	legume	hosts	to	produce	nutrients	(e.g.	rhizopines)	intended	only	for	genetically	similar	strains	close	to	the	root	(Zee	and	Bever,	2014;	Barrett	et	al.,	2015).	In	addition,	rhizobial	quorum	sensing	can	also	instigate	facilitative	interactions	by	increasing	nodulation	efficiency	of	related	strains,	and	by	inducing	transfer	of	symbiotic	plasmids	and	islands	and	therefore	increasing	their	symbiotic	capacity	(Miller	and	Bassler,	2001;	Wisniewski-Dyé	and	Downie,	2002;	Downie,	2010;	Miao	et	al.,	2018).			This	study	focused	on	investigating	direct	and	indirect	intraspecies	competitive	interactions	between	Rhizobium	leguminosarum	strains	capable	of	forming	symbiosis	with	clover;	an	agriculturally	important	forage	legume.	Specifically,	we	focused	on	pairwise	interactions	between	24	genetically	diverse	Rhizobium	leguminosarum	strains	belonging	to	three	distinct	subspecies	(genospecies	A,	C	and	E;	<	95%	average	nucleotide	identity)	(Kumar	et	al.,	2015)	and	two	farming	treatments	(organic	and	conventional)	with	the	aim	to	understand	whether	neutral,	facilitative	or	inhibitory	intraspecies	interactions	are	linked	with	genetic	background	and	agricultural	practices	(Portella	et	al.,	2009).	To	achieve	this,	indirect	facilitative	and	inhibitory	interactions	were	characterised	by	comparing	the	growth	of	strains	in	their	own	supernatant	(accounting	for	nutrient	consumption	and	production	of	secondary	metabolites)	compared	to	their	growth	in	a	different	strain’s	supernatant.	Additionally,	inhibition	zones	produced	in	direct	contact	on	soft	agar	plates	were	quantified	as	evidence	of	direct	growth	repression	by	specific	strains.	To	understand	the	potential	underlying	mechanisms	of	competition,	
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strains	were	compared	regarding	their	metabolic	capacity	and	the	absence	and	presence	of	genes	associated	with	quorum	sensing,	bacteriocins,	secondary	metabolites	and	prophages	using	comparative	genomics.			
6.3. Methods 
6.3.1. Rhizobia strains 
 Twenty-four	Rhizobium	leguminosarum	symbiovar	trifolii	(Rlt)	strains	isolated	from	organic	and	conventional	trial	(conventional	from	hereon)	farm	treatments	across	Denmark	were	selected	from	the	NCHAIN	Rlt	isolate	collection	(Cavassim	et	al.,	2020).	Strains	were	genetically	characterised	based	on	their	Rlt	subspecies	classification	as	genospecies	(gs)	A,	C	and	E	(Kumar	et	al.,	2015)	and	further	labelled	into	four	categories	based	on	environmental	origin:	organic	gsA	(OA,	n=6),	organic	gsC	(OC,	n=7),	organic	gsE	(OE,	n=5)	and	conventional	gsC	(CC,	n=6)	(Table	6.1).	An	Average	Nucleotide	Identity	(ANI)	value	greater	than	95%	is	accepted	to	equate	to	a	DNA-DNA	hybridisation	value	of	70%,	and	therefore	would	indicate	strains	to	be	genetically	distinct	species	(Goris	et	al.,	2007).	Within	genospecies	ANI	averaged	98.2%	and	ranged	between	96.8-99.9%	(ANI	based	on	441,287	shared	single	nucleotide	polymorphisms	in	6,529	genes	present	in	at	least	100	strains)	(Cavassim	et	al.,	2020).	Between	genospecies	ANI	values	averaged	91.6%	and	ranged	between	90.2-97.7%	(Cavassim	et	al.,	2020).	Strains	were	routinely	cultured	on	Tryptone	Yeast	(TY)	agar	or	liquid	media.		
 
Table 6.1 Twenty-four Rhizobium leguminosarum symbiovar trifolii strains isolated from Trifolium repens 
nodules across Danish farm sites. OA = organic genospecies A, OC = organic genospecies C, OE = organic 
genospecies E, and CC = conventional genospecies C. 
Genospecies 
category  
Strain names  
OA SM152B SM137B SM152A SM145B SM154C SM144A  
OC SM147A SM158 SM170C SM157B SM165A SM122A SM126B 
OE SM149A SM135B SM135A SM159 SM168A   
CC SM41 SM53 SM57 SM77 SM74 SM67  
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6.3.2. Measuring competitive and facilitative pairwise interactions between rhizobia 
strains 
6.3.2.1. Determining rhizobial interactions indirectly using TY supernatant assay 
 Potential	facilitative	and	inhibitory	pairwise	strain	interactions	were	determined	indirectly	based	on	each	strain’s	growth	in	the	supernatant	of	every	other	strain.	Strains	were	revived	from	frozen	glycerol	stocks	in	40	ml	of	Tryptone	Yeast	broth	(TY	broth:	5	g	tryptone,	2.5	g	yeast	extract,	1.47	g	CaCl2	per	litre	volume)	for	48	h	(28°C,	180	rpm).	600	µl	from	each	40	ml	culture	was	saved	for	later	use	as	an	inoculum.	The	remaining	culture	was	centrifuged	(10	minutes,	4000	rpm)	and	the	supernatant	was	filtered	through	a	0.2	µm	syringe	filter.	An	equal	volume	of	fresh	100%	TY	broth	was	added	to	produce	a	50:50	supernatant-broth	mixture	(supernatant	treatment)	for	each	strain.	Supernatant	treatments	account	for	the	resource	consumption	and	secreted	metabolites	by	one	strain,	both	of	which	could	affect	the	growth	of	other	target	strains	grown	in	said	supernatant	treatments.	Additionally,	strains	were	grown	in	100%	TY	and	50%	TY	(50:50	of	100%	TY	and	deionised	water)	broth	control	treatments.	The	50%	TY	control	treatment	was	used	to	determine	a	strain’s	minimum	expected	growth	from	a	supernatant	treatment	if	the	supernatant	invoked	no	inhibitory	effects	on	growth.	This	is	because	the	amount	of	added	TY	broth	is	the	same	in	50%	control	and	supernatant	treatments.	A	100%	TY	control	treatment	was	used	to	ensure	strains	grew	well	in	rich	nutrient	medium	and	any	observed	reductions	in	growth	were	either	due	to	lower	nutrient	broth	concentrations	(50%	TY	control)	or	inhibitory	metabolites	within	the	supernatant	treatments.				To	start	the	growth	assays,	200	µl	of	each	50:50	supernatant-broth	mixtures	were	added	to	96	well	plates	with	5	replicates	per	strain.	Supernatant	treatments	were	inoculated	with	the	initial	inocula	(~0.2	µl)	using	a	sterilised	microplate	pin	replicator	(Boekel).	One	well	of	each	supernatant	treatment	was	inoculated	with	water	as	a	no	growth	control.	Strains	were	grown	at	28°C	and	OD600	measurements	were	taken,	as	an	indicator	of	growth,	at	0	hours,	24	h,	39	h,	48	h	and	62	h	after	strain	inoculation.	A	total	of	624	inoculant-supernatant	combinations	were	analysed,	including	100%	and	50%	TY	treatments.	Relative	growth	indices	(RGIs)	were	calculated	for	all	strains	in	all	supernatant	treatments	after	62	h	growth	(Appendix	Figure	E.1).	RGI’s	were	calculated	
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Figure 6.1 Experimental designs for the a) indirect interaction supernatant assay and b) direct interaction spot plating assay. i) calculates the 
relative growth index (RGI) of strain i in the strain j supernatant compared to growth in its own supernatant, and ii) calculates the RGI of strain 
i in the strain j supernatant compared to growth in the 50% Tryptone Yeast broth control treatment. 
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6.3.2.2. Determining rhizobial interactions directly using spot assays on TY agar 
plates 
 Direct	inhibitory	(interference)	pairwise	interactions	between	rhizobia	strains	were	determined	by	spotting	a	liquid	culture	of	each	strain	on	a	bacterial	lawn	of	every	other	strain	(Figure	6.1b).	Level	of	inhibition	was	determined	as	the	inhibition	halo	diameter	of	the	bacterial	lawn	around	the	spotted	bacterial	colony.	For	the	assay,	strains	were	grown	in	5	ml	TY	broth	for	48	h	at	28°C.	Optical	density	of	cultures	showed	strains	had	grown	between	0.055-0.09	at	OD600.	OA	strains	had	significantly	higher	initial	culture	spot	inoculum	ODs	compared	to	other	genospecies	groups	(Kruskal-Wallis:	chi-squared	=	20.036,	df	=	3,	p	<	0.001).	However,	a	simple	linear	regression	confirmed	that	no	significant	association	was	observed	between	the	size	of	the	inhibition	zone	around	the	culture	spot	and	the	optical	density	of	the	inoculum	used	for	the	assay	(Appendix	Figure	E.2;	CoeffinoculumOD:	-6.47,	p	>	0.05).		400	µl	of	culture	was	then	mixed	with	40	ml	of	soft	TY	agar	(7.5%	grams	of	agar	per	volume)	and	plated	in	square	petri-dishes	and	left	to	cool.	Two	plates	of	soft	agar	were	made	for	each	strain	and	12	strain	were	spotted	on	each	plate.	Additionally,	uninoculated	100%	TY	soft	agar	plates	were	used	as	a	control.	2	µl	of	each	rhizobia	culture	was	spotted	onto	the	plates.	Also,	a	control	uninoculated	TY	broth	spot	was	placed	in	the	corner	of	each	plate	as	a	control	to	ensure	no	inhibition	was	observed	from	the	sterile	broth	alone.	Plates	were	incubated	at	28°C	and	imaged	with	digital	camera	at	24,	48	and	72	h.			The	inhibition	zone	diameters	and	culture	spot	diameters	were	compared	to	identify	if	the	growth	of	the	spotted	strain	correlated	with	the	level	of	inhibition.	A	very	weak	positive	correlation	was	identified	(Pearson’s	Correlation	R	statistic	=	0.34,	p	<	0.001)	and	a	simple	linear	regression	found	inhibition	zone	diameters	increased	by	2.187	mm	on	average	for	every	1	mm	increase	in	culture	spot	diameter	(Coeffspotdiameter:	2.187,	p	<	0.001).	However,	this	relationship	was	heavily	biased	by	a	few	strains	producing	small	inhibition	zones	(Appendix	Figure	E.3a).	When	these	samples	were	removed	the	resulting	correlation	weakened	(Pearson’s	Correlation	R	statistic	=	0.17,	p	<	0.01;	Appendix	Figure	E.3b)	and	a	simple	linear	regression	identified	that	association	with	inhibition	zone	diameter	reduced	to	1.288	mm	on	average	for	every	unit	increase	in	spot	diameter	(Coeffspotdiameter:	1.288,	p	<	0.01).	To	control	for	the	growth	of	the	spotted	bacterium,	the	diameter	of	the	spotted	bacterial	culture	was	
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subtracted	from	the	diameter	of	the	inhibition	zone	in	all	analyses.	Inhibition	zone	diameters	were	calculated	by	subtracting	the	Feret	diameter	of	the	culture	spot	by	the	Feret	diameter	of	the	inhibition	zone	using	ImageJ	(v.1.52k).	All	strain	lawn	and	spot	combinations	were	measured	in	3	technical	replicates	(with	the	exception	of	strains	SM137B	and	SM122A	where	two	replicates	were	used,	and	strain	SM152B	where	one	spotting	replicate	was	used).	All	replicates	were	used	to	calculate	average	mean	inhibition	zones	for	all	pairwise	strain	combinations.			
6.3.3. Characterising the metabolic capacity of different rhizobia strains 
 To	determine	differences	in	metabolic	capacity,	all	strains	were	grown	on	31	single	substrates	using	EcoPlates	(Biolog	Hayward,	CA,	USA)	(Smith,	2018).	The	31	single	substrates	were	defined	into	the	following	resource	type	groups;	amines,	amino	acids,	carbohydrates,	carboxylic	acids,	complex	carbons,	and	phosphate	carbon	and	water	as	a	control	(Table	6.2).	All	amino	acids	are	assumed	to	be	available	in	TY	broth	as	subcomponents,	and	although	other	single	substrates	may	not	likely	be	present	within	TY	broth,	they	provided	additional	understanding	of	a	strain’s	metabolic	potential.	One	replicate	was	generated	for	each	strain,	therefore	strains	were	grouped	by	genospecies	and	substrates	were	grouped	into	above	mentioned	resource	type	groups	(Table	6.2),	to	enable	statistical	analysis.			Before	measurements,	all	strains	were	grown	in	10	ml	TY	broth	for	48	h	(28°C,	180	rpm),	centrifuged	to	form	a	pellet	and	re-suspended	into	10	ml	PBS	buffer,	and	incubated	for	2	h	at	room	temperature	(Smith,	2018).	120	µl	of	bacterial	suspension	was	added	to	each	of	the	31	Ecoplate	carbon	sources	and	water	control	wells	(Smith,	2018).	Reduction	of	tetrazolium	dye	within	each	carbon	source	well	occurs	when	microbes	can	metabolise	the	resource	and	subsequently	respire.	Plates	were	incubated	at	28°C	and	OD590	measurements	of	the	developed	dye	coloration	were	taken	at	72	h	(Smith,	2018).	ODs	were	normalized	by	subtracting	the	control	water	well	OD	from	the	substrate	well	ODs	for	each	strain	(Appendix	Figure	E.4).	Strains	generating	OD	values	greater	than	0	for	a	substrate	well	were	considered	being	able	to	metabolise	that	particular	substrate	(Appendix	Figure	E.4).	To	indicate	whether	a	strain	has	predominantly	resource	generalist	or	specialist	characteristics,	the	catabolic	range	of	genospecies	was	determined	by	totalling	the	number	of	substrates	metabolised	by	each	strain	and	was	further	used	to	calculate	the	mean	number	of	
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substrates	metabolised	per	genospecies	group.	Metabolically	generalist	strains	(capable	of	metabolising	many	substrates)	might	be	able	to	better	deplete	the	TY	broth	of	resources	resulting	in	supernatants	providing	fewer	available	remaining	nutrients	to	other	strains.	Similarly,	metabolically	specialist	strains	(metabolise	few	resources)	would	leave	behind	resources	in	their	supernatants	for	generalists	to	use,	making	their	supernatants	more	facilitative.		Additionally,	the	average	well	colour	development	(AWCD)	of	each	strain	calculates	an	overall	metabolic	capability	of	each	genospecies,	and	how	efficient	strains	are	at	depleting	resources.	Therefore,	AWCD	was	used	as	a	measure	of	strain’s	average	metabolic	capacity	under	different	substrate	treatments.	AWCD	was	calculated	using	72	h	OD590	measurements	of	each	well	(Garland	and	Mills,	1991;	Garland,	2006):				 !"#$ = [Σ() − #)]/.			
S	is	the	substrate	well	OD590	value,	C	is	the	control	well	OD590	value	and	n	is	the	number	of	substrates	(i.e.	31	for	AWCD	across	all	substrate	treatments).	AWCD	values	were	also	calculated	for	substrates	grouped	into	6	resource	type	groups	by	molecular	characteristics	(Table	6.2;	Smith,	2018).	Strain	SM159	(OE)	was	removed	from	the	analyses	due	to	abnormally	high	OD	values	likely	due	to	contamination.		 	
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Table 6.2 Ecoplate single substrate growth treatments grouped into 6 resource type groups, as previously 
(Smith, 2018). 
Resource type groups Ecoplate Substrates 
Amines Phenylethyl-Amine 
Putrescine 













Carboxylic acids 2-Hydroxy Benzoic Acid 
4-Hydroxy Benzoic Acid 





Pyruvic Acid Methyl Ester 
α-Ketobutyric Acid 
γ-Hydroxybutyric Acid 
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such	as	siderophores,	secondary	metabolite	biosynthesis	gene	clusters	were	searched	for	using	antiSMASH	5.0	with	default	settings	(Blin	et	al.,	2019).	All	identified	secondary	metabolite	clusters	containing	2	or	more	genes	were	counted	for	analysis,	even	if	the	cluster	had	no	sequence	similarity	to	specific	known	clusters.	To	compare	the	number	of	potential	prophage	regions	across	genospecies	groups,	putative	prophage	regions	were	searched	for	in	each	strain	and	identified	as	either	‘intact’,	‘incomplete’	or	‘questionable’	with	PHASTER	using	default	parameter	settings	(Arndt	
et	al.,	2016).	Only	intact	prophage	regions	were	considered	to	be	likely	active.			
Table 6.3 GenBank accessions of known quorum sensing and bacteriocin associated gene sequences. QS 
refers for quorum sensing. 





trifolii trifolitoxin (tfxA) 
gene and tfxB, tfxC, tfxD, 
tfxE, tfxF, tfxG genes 
Bacteriocin - 
AJ001518.1 medium bacteriocin  Bacteriocin RTX-like 
protein 
Oresnik et al., 1999 
AAF89990.1 cinI QS LuxI-type AHL 
synthases 
- 
AAF89989.1 cinR QS LuxR-type 
regulator 
- 
CBI71465.1 cinS QS regulator - 
RWX40560.1 raiI QS LuxI-type AHL 
synthases 
- 
AAC38173.1 raiR QS LuxR-type 
regulator 
- 
AAO21111.1 bisR QS LuxR-type 
regulator 
- 
AAO18654.1 traI QS LuxI-type AHL 
synthases 
- 
AAO21112.1 traR QS LuxR-type 
regulator 
- 
CAK10388.1 rhiI QS LuxI-type AHL 
synthases 
- 
CEG06613.1 rhiR QS LuxR-type 
regulator 
- 





6.3.5. Statistical Analysis 
 Multiple	statistical	approaches	were	used	to	analyse	the	data,	including	mixed	effects	models,	likelihood	ratio	(LR)	tests	and	parametric	bootstrapping	of	95%	confidence	intervals.	Supernatant	interactions	where	a	strain	was	grown	in	its	own	supernatant	(therefore	generating	an	RGI	of	1)	were	excluded	from	the	analysis,	to	avoid	biasing	
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data	distributions.	To	analyse	the	effects	of	genospecies	and	farm	treatment	group	on	direct	and	indirect	inhibition	between	strains,	maximum	likelihood	(ML)	mixed	effect	models	were	produced	for	both	supernatant	assays,	and	spot	plating	assays,	with	lme4	R	package	(v.1.1-21).	For	supernatant	assays,	inoculant	genospecies	group	(OA,	OC,	OE,	CC)	and	supernatant	genospecies	group	were	included	as	fixed	effects,	while	individual	inoculant	strain	IDs	and	supernatant	strain	IDs	were	categorised	as	crossed	random	effects.	For	spot	plating	assays,	liquid	culture	spot	genospecies	group	(OA,	OC,	OE,	CC)	and	soft	agar	lawn	genospecies	group	were	included	as	fixed	effects,	and	similarly,	individual	culture	spot	strain	IDs	and	soft	agar	lawn	strain	IDs	were	classed	as	crossed	random	effects.	Random	effects	accounted	for	pseudo-replication	and	their	variance	of	>	0	supported	their	incorporation	in	the	full	models.	LmerTest	generated	t-values,	degrees	of	freedom	and	p-values	for	fixed	effect	parameters	in	the	models.	To	identify	genospecies	group	differences	for	each	variable,	genospecies	groups	were	ranked	by	average	value	and	the	genospecies	group	with	the	lowest	value	set	as	the	intercept.	Therefore,	for	all	variables	in	all	models	the	intercept	was	set	to	the	OA	genospecies	group.	Firstly,	the	full	models	were	generated	whereby	fixed	effects	included	an	interaction.	The	significance	of	the	fixed	effects	interaction	was	tested	by	the	likelihood	ratio	(LR)	test	using	anova()	by	comparing	the	full	interaction	model	with	a	reduced	model	with	no	interaction.	If	Chi-squared	p-values	were	<	0.05,	model	fits	were	determined	as	significantly	different.	In	addition,	the	reliability	of	the	fixed	effects	was	determined	by	parametric	bootstrapping	of	fixed	effects	as	95%	confidence	intervals	in	the	final	models	(bootMer	and	boot.ci	with	1000	bootstrap	replicates).	Fixed	effect	parameters	with	95%	confidence	intervals	that	contained	0	were	considered	as	non-reliable	effects.	The	bootstrapping	model	displayed	warnings	of	failed	model	convergence	for	the	supernatant	assay	model	(30	out	of	1000	permutations)	and	the	spot	plating	model	(52	out	of	1000	permutations).	Due	to	the	original	model	converging	with	no	warnings,	and	the	arbitrary	nature	of	the	threshold	for	model	convergence	warnings,	these	warnings	were	classified	as	false	positive	convergence	warnings	(Bolker,	2020).	In	order	to	test	whether	some	strains	influenced	the	observed	interaction	effects,	specific	strains	were	removed,	and	the	models	were	rerun	to	confirm	fixed	effects	parameters	remained	significant.	Similarly,	bootstrapping	displayed	warnings	of	failed	convergence	for	some	permutations;	supernatant	assay	model	without	SM154C	and	SM168A	=	44	out	of	1000	permutations;	spot	plating	assay	model	without	SM144A,	SM154C	and	SM145B	=	38	out	of	1000	permutations.	Additionally,	warnings	regarding	singular	fits	were	
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generated	from	bootstrapping	for	the	following	models:	spot	plating	assay	model	=	24	out	of	1000	permutations;	spot	plating	assay	model	without	SM144A,	SM154C	and	SM145B	=	665	out	of	1000	permutations.	To	further	determine	if	OC	and	CC	strains	displayed	significant	differences	in	inhibitory	activity	when	acting	as	the	inoculant	or	supernatant/soft	agar	strain,	the	estimated	marginal	means	of	interactions	from	the	mixed	effects	model	were	compared	using	emmeans	package	in	R	with	Tukey	adjusted	p-value	correction	applied.	Furthermore,	to	identify	the	overall	trend	across	supernatant	interactions,	Pearson’s	correlation	coefficient	and	simple	linear	regression	(lm()	in	R)	was	used.	To	determine	whether	more	genetically	similar	strains	displayed	more	neutral	indirect	interactions,	RGI	as	an	absolute	value	was	correlated	to	ANI	using	a	linear	regression	with	White’s	robust	standard	errors	using	R’s	sandwich	package	to	correct	for	homoscedasticity.	 	To	determine	whether	a	genospecies	and	farm	treatment	group	displayed	generalist	or	specialist	traits,	the	number	of	single	substrates	each	strain	was	able	to	metabolise	(OD590	>	0)	were	used	to	calculate	the	mean	number	of	metabolised	substrates	for	each	genospecies	group.	Non-parametric	Kruskal	Wallis	test	was	used	to	compare	metabolic	capacities	as	a	measure	of	AWCD	(across	31	single	substrate	treatments)	and	to	determine	whether	genospecies	groups	could	metabolise	a	significantly	different	number	of	single	substrates.	Dunn’s	post-hoc	test	was	used	to	identify	direct	differences	between	groups	from	non-parametric	Kruskal-Wallis	tests	with	Bonferroni	adjusted	p-values.	Pearson’s	R	correlation	coefficient	was	used	to	determine	the	correlation	between	strain’s	RGI	in	supernatant	treatments	and	metabolic	capacity	as	a	measure	of	AWCD	across	all	31	single	substrate	treatments.	Principal	component	analysis	(PCA)	was	calculated	with	R	prcomp	using	singular	value	decomposition	to	calculate	principal	components	for	explaining:	1)	metabolic	capacity	(AWCD)	of	Rlt	strains	across	six	resource	type	groups;	and	2)	the	strain	metabolic	capacity	across	single	substrate	treatments	(i.e.	not	grouped).	PERMANOVA	using	adonis()	in	the	R	vegan	package	was	used	to	test	for	significance	of	PCA	clustering	and	significant	pairwise	genospecies	interactions	were	identified	with	post	hoc	testing	using	pairwise.adonis()	and	Bonferroni	p-value	correction.			 	
  198 
6.4. Results 
 
6.4.1. Facilitative and inhibitory rhizobial interactions were observed at both 
genospecies and genotype level 
6.4.1.1. Supernatant growth assays 
 To	assess	resource-	and	metabolite-mediated	competitive	interactions	in	pairwise	Rhizobium	leguminosarum	symbiovar	trifolii	(Rlt)	strain	interactions,	the	growth	of	Rlt	strains	in	the	supernatants	of	other	Rlt	strains	was	compared	after	48	hours	of	initial	growth	resulting	in	a	total	of	576	pairwise	combinations	(Figure	6.2a).	Strain	growth	in	the	supernatants	of	other	Rlt	strains	was	compared	to	when	the	strain	was	grown	in	its	own	supernatant	(relative	growth	index:	RGI).	Low	relative	growth	in	another	strain’s	supernatant	suggests	inhibitory	interactions	(RGI	<	1),	whereas	high	relative	growth	indicates	more	facilitative	interactions	(RGI	>	1).	Both	facilitative	and	inhibitory	interactions	were	identified	(Figure	6.2a),	but	overall	indirect	interactions	were	predominantly	neutral	(mean	RGI:	1.006;	Appendix	Figure	E.5a).	Some	strain	inoculant	and	supernatant	combinations	showed	extreme	facilitative	or	inhibitory	interactions.	55	combinations	(9.55%)	had	RGI’s	<	0.75	suggesting	they	grew	worse	in	other	strains	supernatants	compared	to	their	own.	Also,	55	combinations	(9.55%)	had	RGI’s	>	1.25	suggesting	growth	in	other	strain	supernatants	caused	increased	growth.	Additionally,	strains	that	were	genetically	more	similar	were	likely	to	show	a	more	neutral	interaction	(i.e.	an	RGI	of	1;	Appendix	Figure	E.5b).			Genospecies	effects	predominantly	drove	the	interaction	between	inoculant	and	supernatant	groups	(Figure	6.3a;	Appendix	Table	E.1;	X219,9	=	102.5,	p	<	0.0001).	On	average,	genospecies	E	(OE)	strains	were	the	most	facilitated	in	the	supernatants	of	other	strains	(Figure	6.3b),	and	on	average	their	supernatants	consistently	overly	suppressed	genospecies	A	(OA)	growth	(compared	to	OA	inoculants	in	OA	supernatants	as	the	model	intercept	reference	level;	Figure	6.2a;	CoeffsupOE:	estimate	=		-0.382,	std.	error	=	0.056,	t	=		-6.791,	p	<	0.001).	Parametric	bootstrapping	of	95%	confidence	intervals	further	confirmed	that	the	growth	inhibition	of	OA	inoculants	in	OE	supernatants	was	a	reliable	effect	(Parametric	bootstrapping	95%	percentilesupOE	(-0.4915,	-0.2797):	original	=	-0.382,	bias	=	-0.00124,	std.	error	=	0.0547).	Additionally,	OE	inoculants	displayed	facilitated	growth	in	OA	supernatants,	and	this	
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facilitation	of	OE	inoculants	in	OA	supernatants	(compared	to	the	reference	level)	was	also	confirmed	to	be	a	reliable	effect	(CoeffinocOE:	estimate	=	0.209,	std.	error	=	0.068,	t	=	3.08,	p	<	0.01;	Parametric	bootstrapping	95%	percentileinocOE	(0.0721,		0.3275):	original	=	0.209,	bias	=	-0.00322,	std.	error	=	0.0668).		OA	strains	grew	to	lower	densities	in	OE	supernatants	than	in	50%	TY	control	treatments.	Supernatant	treatments	are	composed	of	a	1:1	ratio	of	strain	supernatant	and	100%	TY,	and	so	the	amount	of	added	TY	in	the	supernatant	treatment	equates	to	a	50%	TY	treatment.	Therefore,	if	strains	grow	better	in	supernatant	treatments	compared	to	the	50%	TY	control,	it	is	assumed	additional	nutrients	are	provided	by	remaining	resources	in	the	supernatant.	Due	to	OA	strains	growing	worse	in	OE	supernatants	compared	to	50%	TY,	this	suggests	that	OA	growth	inhibition	cannot	be	purely	due	to	nutrient	resource	depletion	in	OE	supernatants	and	was	likely	associated	with	other	inhibitory	processes	that	are	preventing	growth	up	to	densities	expected	from	50%	TY	treatments	(Appendix	Figure	E.6).			Furthermore,	genospecies	C	strains	isolated	from	either	organic	or	conventional	farming	treatments	(OC	and	CC	respectively)	were	compared	to	observe	if	strain	environmental	origin	influenced	strain	interactions,	and	to	control	for	genospecies	effects.	On	average,	there	were	no	significant	differences	in	genospecies	interactions	depending	on	whether	genospecies	C	strains	originated	from	organic	or	conventional	farm	treatments	(Figure	6.3a:	Appendix	Table	E.2;	Appendix	Table	E.3).	OC	and	CC	strains	grew	to	relatively	similar	densities	in	other	strain	supernatants	compared	to	when	grown	in	their	own	supernatants	(Figure	6.3b;	Appendix	Table	E.2).	Similarly,	the	average	growth	densities	of	other	genospecies	did	not	significantly	differ	between	OC	and	CC	supernatant	treatments	(Figure	6.3c;	Appendix	Table	E.3).			
Rlt	interactions	were	also	evaluated	at	the	strain	level	for	genotype-specific	effects.	SM168A	(OE)	grew	better	on	average	in	other	supernatant	treatments	than	its	own	when	acting	as	the	inoculum	(Figure	6.2a;	RGIinoculant	=	1.381,	95%	conf.	int	=	1.316	–	1.446),	and	its	supernatant	highly	suppressed	the	growth	of	other	strains	on	average	(Figure	6.4;	RGIsupernatant	=	0.883,	95%	conf.	int	=	0.858	–	0.908).	Interestingly,	SM168A	grew	worse	in	supernatant	treatments	compared	to	the	50%	TY	control	on	average,	despite	displaying	one	of	the	highest	average	inoculant	RGI’s	out	of	the	24	strains.	Conversely,	SM154C	(OA)	grew	significantly	worse	in	other	supernatant	
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treatments	on	average	(Figure	6.2a;	RGIinoculant	=	0.612,	95%	conf.	int	=	0.580	–	0.644),	and	its	supernatant	facilitated	growth	of	other	strains	(Figure	6.3;	RGIsupernatant	=	1.269,	95%	conf.	int	=	1.223	–	1.315).	To	ensure	group	interactions	were	not	influenced	by	individual	strains,	SM168A	and	SM154C	were	omitted	and	the	model	was	re-calculated.	Despite	strain	exclusion,	the	behaviours	of	OA	and	OE	groups	remained	similar	and	statistically	significant,	indicative	that	the	genospecies-level	strain	interactions	were	maintained	(Appendix	Table	E.4;	CoeffsupOE:	estimate	=	-0.376,	std.	error	=	0.0505,	t	=	-7.446,	p	<	0.001;		CoeffinocOE:	estimate	=	0.122,	std.	error	=	0.0547,	t	=	2.225,	p	<	0.05;	95%	percentilesupOE	(-0.4797,	-0.2740):	original	=	-0.376,	bias	=	-0.0005,	std.	error	=	0.0529;	95%	percentileinocOE	(0.0113,		0.2298):	original	=	0.122,	bias	=	-0.0006,	std.	error	=	0.0545).			To	evaluate	how	facilitative	a	strain’s	supernatant	was	for	the	growth	of	other	strains	in	comparison	to	whether	its	own	growth	was	facilitated	by	the	supernatants	of	other	strains,	the	average	RGI	of	all	strains	grown	in	strain	i’s	supernatant	(suppressiveness	as	supernatant)	was	correlated	with	the	average	RGI	of	strain	i	in	all	supernatant	treatments	(growth	as	inoculant).	Overall,	a	positive	correlation	was	observed	between	the	suppressiveness	of	a	Rlt	strain’s	supernatant	and	its	growth	as	an	inoculant	(Figure	6.4;	Simple	linear	regression:	CoeffRGIsup	=	-0.8387,	p	<	0.0001;	Pearson’s	Correlation	R	statistic	=	-0.701,	t	=	4.611,	p	<	0.001)	indicative	of	positive	relationship	between	growth	and	inhibition.			Together,	these	results	demonstrate	that	genospecies	effects	are	significantly	associated	with	the	facilitative	and	inhibitory	indirect	interactions	observed	between	strain	pair	combinations.	In	particular,	OE	strains	grew	well	in	the	supernatants	of	other	strains,	and	produced	supernatants	that	were	suppressive	to	other	strains,	especially	OA	strain	growth.	OA	strains	grew	comparatively	poorly	in	supernatants	of	other	strains,	but	their	supernatants	were	mainly	facilitative	for	other	strains,	especially	for	the	growth	of	OE	strains.	Moreover,	variation	was	also	observed	at	the	individual	strain	level,	as	demonstrated	by	relatively	strong	effects	of	SM168A	and	SM154C	strains.				
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6.4.1.2. Direct inhibition assay 
 To	assess	whether	strains	could	directly	inhibit	each	other’s	growth,	strains	were	grown	in	soft	agar	lawns	and	liquid	cultures	of	other	strains	were	spotted	on	top	to	observe	whether	spotted	strains	induced	zones	of	inhibition.	Inhibition	zones	were	visible	after	2	days	growth,	and	after	72	hours	of	growth,	92	out	of	576	possible	strain	combinations	(15.97%)	formed	inhibition	zones	of	varying	sizes	(Figure	6.2b).	Similar	to	the	indirect	supernatant	growth	assay,	there	was	a	significant	interaction	between	the	genospecies	groups	of	liquid	culture	spots	and	soft	agar	lawns,	suggesting	the	genospecies	group	significantly	determined	whether	inhibition	zones	were	formed	between	strains	(Figure	6.5a;	Appendix	Table	E.5;	X219,9	=	95.933,	p	<	0.0001).			Lawns	of	OA	strains	were	most	susceptible	to	inhibition	zones	formed	by	other	strains	out	of	all	genospecies	groups	(Figure	6.5a).	Of	the	other	genospecies,	OE	strains	seemed	to	be	the	most	capable	of	producing	inhibition	zones	on	OA	agar	lawns	(compared	to	OA	inoculants	on	OA	lawns	as	the	model	reference	level;	CoeffspotOE:	estimate	=	4.203,	std.	error	=	0.429,	t	=	9.80,	p	<	0.001;	parametric	bootstrapping	of	95%	percentilespotOE	(3.355,		5.062):	original	=	4.203,	bias	-0.006,	std.	error	=	0.445).	Similarly,	culture	spots	of	OE	strains	were	able	to	produce	inhibition	zones	on	agar	lawns	of	at	least	one	strain	in	each	genospecies	group,	with	the	exception	of	OC	strains	(Figure	6.2b),	which	were	resistant	to	inhibition	by	all	other	strains	(Figure	6.2b;	Figure	6.5c).			For	strains	isolated	from	different	farm	treatments,	there	were	no	significant	differences	between	the	inhibitory	interactions	of	OC	and	CC	strains	with	other	genospecies	groups	or	each	other	(Figure	6.5a;	Appendix	Table	E.6;	Appendix	Table	E.7).	The	exception	to	this	was	that	OC	strains	were	able	to	produce	on	average	significantly	slightly	larger	inhibition	zones	than	CC	strains	on	OA	soft	agar	lawns	(Appendix	Table	E.6).	OC	and	CC	strains	produced	inhibition	zones	on	the	same	three	OA	strains	and	one	OE	strain	(SM149A)	(Figure	6.2b).	Additionally,	both	OC	and	CC	strains	were	not	susceptible	to	clear	inhibition	zone	formation	by	other	strains,	with	the	exception	of	one	CC	strain	(SM53)	which	was	susceptible	to	inhibition	zones	by	all	OE	strains	(Figure	6.2b).			
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OA	susceptibility	was	largely	driven	by	individual	strains	SM145B,	SM154C	and	SM144A,	which	were	the	only	strains	to	induce	inhibition	zones	of	>	5	mm	(Figure	6.2b).	However,	when	these	three	strains	were	removed	from	the	model,	OA	strains	were	still	found	to	be	significantly	susceptible	to	inhibition	zone	production	by	OE	strains,	indicating	the	genospecies	level	effects	were	still	maintained	(Appendix	Table	E.8;	CoeffspotOE:	estimate	=	2.118,	std.	error	=	0.236,	t	=	8.968,	p	<	0.001;	95%	percentilespotOE	(1.654,		2.597):	original	=	2.118,	bias	=	0.0123,	std.	error	=	0.238).			Furthermore,	strains	that	grew	better	in	the	supernatants	of	other	strains	than	in	their	own	(high	RGIs	as	inoculants)	did	not	necessarily	produce	inhibition	zones	(Figure	6.6).	However,	if	strains	showed	signs	of	direct	interference	competition,	the	size	of	the	inhibition	zone	positively	correlated	with	the	strains’	RGI	in	supernatant	(Figure	6.6).	The	slope	of	this	association	was	additionally	found	to	differ	depending	on	whether	inhibition	zones	had	a	diameter	more	than	5	mm	(Simple	linear	regression:	CoeffInhibitionzone	=	0.040,	p	<	0.001)	or	less	than	5	mm	(Simple	linear	regression:	CoeffInhibitionzone	=	0.0698,	p	<	0.05).	This	suggest	that	the	inhibition	seen	in	supernatant	assays	was	not	always	driven	by	the	same	mechanisms	observed	in	direct	competition	assays.		Together,	these	results	show	that	differences	in	direct	interference	competition	effects	are	evident	between	genospecies.	This	difference	of	interaction	was	predominantly	observed	between	OE	and	OA	stains	with	OE	strains	proving	the	most	capable	of	producing	inhibition	zones,	to	which	OA	strains	were	the	most	susceptible.	Additionally,	direct	interference	competition	effects	correlated	to	varying	degrees	with	the	negative	inhibitory	effects	observed	in	the	supernatant	assays.	However,	this	was	not	always	the	case	and	strain	combinations	displayed	suppressive	interactions	in	both	supernatant	and	the	soft	agar	environments.			
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OA OC OE CC
Figure 6.2 Growth of 24 Rhizobium leguminosarum symbiovar trifolii strains grown in Tryptone Yeast 
broth depleted by other strains (supernatant) and on soft agar lawns of other strains. a) Indirect 
interaction of strains measured by calculating the relative growth indices (RGIs) of strains inoculated into 
each other’s supernatants (n=5). i) OA strains inoculated into OE strain supernatant growth treatments. 
(continued on following page). 
  204 
Figure 6.2. continued. a) ii) Strain SM168A inoculated into all other 24 strains’ supernatants and control 
treatments of 100% TY and 50% TY broth. iii) SM154C similarly inoculated into 24 supernatant treatments 
and controls. b) The mean diameter of inhibition zones (mm) produced by strains spotted onto soft agar 
lawns of other strains. The size of the circles indicates the diameter of the inhibition zones. i) diameter of 
inhibition zones produced by OE strain spots on all soft agar strain lawns. ii) particularly susceptible OA 





Figure 6.3 Average genospecies inoculant growth under different supernatant treatments. a) Mean 
relative growth indices (RGIs) of Rhizobium leguminosarum genospecies groups (OA, OC, OE, CC) 
inoculated (e.g. I-OA) into the supernatants of other genospecies groups (e.g. Sup-OA). b) Mean RGIs of 
each genospecies group inoculants in all other strain supernatants. c) Mean RGIs of all genospecies group 
inoculants in each genospecies group supernatant. Error bars display 95% confidence intervals. Rhizobia 
strain combinations were grouped by genospecies inoculant group and genospecies supernatant group. 






















































































Figure 6.4 The growth of Rlt strains as inoculants correlate with the suppressiveness of their supernatants. 
Growth of inoculant was calculated by averaging the Relative Growth Index (RGI) of strain i when grown in 
all other supernatant treatments (excluding control TY treatments). Suppressiveness of supernatant was 
calculated by averaging the RGI of all other strains grown in the supernatant of strain i. Grey line displays 
the regression line fit by linear model, and error bars display 95% confidence intervals. RGIs calculation is 




Figure 6.5 Average genospecies inoculant inhibition zone formation on different soft agar treatments. a) 
Mean inhibition zone diameter (mm) of Rlt genospecies groups (OA, OC, OE, CC) when liquid cultures (e.g. 
I-OA) are spotted onto soft agar lawns of other genospecies groups strains (e.g. Sup-OA). b) Mean 
inhibition zone diameter around each genospecies group strains inoculated on soft agar lawns of all other 
strains. c) Mean inhibition zone diameter of all strain inoculants on soft agar lawns of each genospecies 
group. Error bars display 95% confidence intervals. Rhizobia strain combinations were grouped by 
genospecies inoculant group and genospecies soft agar group. 
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Figure 6.6 Growth in supernatant correlated to size of inhibition zone on soft agar. If strains are able to 
produce an inhibition zone, it is more likely that they will have a larger inhibition zone on a strain’s agar 
lawn if they grew well in that same strain’s supernatant. Mean Relative Growth Index of strain i as 
inoculant in the supernatant of strain j (n=5) correlate to the mean inhibition zone diameter (mm) 
produced by strain i on soft agar lawns of strain j (n<=3). Regression lines are fit by linear model.   
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adjusted	p	<	0.05),	while	no	significant	difference	was	observed	between	overall	metabolic	capacity	of	CC	and	OC	strains.	However,	metabolic	similarity	(calculated	by	Euclidean	distance	of	31	single	substrate	treatment	OD	values)	did	not	strongly	correlate	to	genetic	similarity	(Mantel	R	statistic	=	-0.2747,	p	>	0.05).				To	further	determine	whether	strain	metabolism	profiles	clustered	by	genospecies	groups,	the	metabolic	capacities	for	single	substrate	treatments	for	each	strain	was	averaged	into	6	resource	type	groups	and	assessed	by	principal	components	analysis	(PCA):	amines,	amino-acids,	carbohydrates,	carboxylic	acids,	complex	carbons	and	phosphate	carbons	(Table	6.2).	Genospecies	and	farm	treatment	groups	were	found	to	overlap	across	the	first	two	principal	components,	explaining	76%	of	the	total	variance,	however	differences	between	genospecies	groups	were	identified	(Figure	6.7c;	Appendix	Table	E.9;	PERMANOVA:	F3,22	=	3.8293,	p	<	0.01).	Specifically,	OE	was	found	to	significantly	differ	in	metabolic	capacity	to	CC	(PERMANOVA	post	hoc	adjusted	p	<	0.05).	The	separation	of	OE	strains	corresponds	to	their	increased	metabolic	capacity	across	the	single	substrate	treatments	compared	to	other	strains,	particularly	for	amino	acid	metabolism,	carbohydrates	and	phosphate	carbon	(Figure	6.7d).	Similarly,	PCA	of	individual	substrates	did	not	separate	genospecies	groups,	and	Glycyl-L-Glytamic	Acid	(amino	acid	group)	and	Tween	40	(Complex	carbon	sources)	contributed	most	to	variance	of	PC1	and	PC2,	respectively	(Appendix	Figure	E.7).		As	supernatant	contents	were	largely	associated	with	nutrient	depletion,	the	relatively	high	metabolic	capacity	of	OE	strains	would	suggest	that	these	strains	act	as	generalists	and	were	therefore	able	to	access	a	greater	proportion	of	nutrients	left	behind	in	supernatant,	to	facilitate	their	growth.	However,	no	significant	correlation	was	observed	between	growth	of	strains	grown	in	100%	TY	broth	after	62	h	growth	and	metabolic	capacity	for	any	of	the	31	single	substrate	treatments	(Pearson’s	Correlation	Coefficient	R	<	±0.34	,	p	>	0.05)	or	6	resource	type	groups	(Pearson’s	Correlation	Coefficient	R	<	±0.22,	p	>	0.05).	The	difference	in	observed	metabolic	capacity	of	the	sampled	OA	and	OE	strains	substantially	influenced	the	resulting	positive	correlation	between	RGI	and	resource	utilization	and	therefore	should	be	noted	with	caution	(Figure	6.7b;	Pearson’s	correlation	R	=	0.55,	p	>	0.01).	Consequently,	while	resource	competition	between	generalists	and	specialists	may	have	contributed	to	the	observed	indirect	competitive	interactions	(Figure	6.2a),	it	is	
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Figure 6.7 Metabolic differences between genospecies groups. a) Number of substrates metabolised and 
metabolic capacity based on Average Well Colour Development was calculated across 31 single substrate 
growth treatments for 23 Rlt strains grouped by their genospecies and environmental origin. * p < 0.05. b) 
Average Relative Growth Index (RGI) of inoculant strain grown in all other supernatant treatments 
correlated to the strain’s ability to metabolise the 31 carbon substrates (metabolic capacity as a measure 
of Average Well Colour Development). (Pearson’s correlation coefficient R = 0.55, p > 0.01). Regression 
line is fit by linear model.  c) Principal Components Analysis for metabolic capacity of 31 single substrate 
treatments averaged across 6 resource type groups showed OE strains separated from the other 
genospecies. Points represent Rlt strains and are coloured by genospecies and environmental origin. 
Spread of the strains indicates phenotypic variation amongst resource type groups. d) The association of 
the 6 resource type group variables to the first two principal components. Resource type groups are 
coloured by their percentage contribution of the total variance for principal components 1 and 2. 
Individual substrates within each resource type group can be found in Table 2, methods section. 
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6.4.3. Using comparative genomics to identify potential mechanisms underlying 

























































































































































































Figure 6.8 Percentage identity of Rhizobium leguminosarum bacteriocins and quorum sensing associated 
genes, and the number of secondary metabolite gene clusters and phages, found in 24 Rlt strains. 
Quorum sensing and bacteriocin genes heatmap colours correspond to increasing percentage identity of 
quorum sensing gene reference sequences to identified regions in each genome. Grey boxes highlight 
genes that were not present in a specific genome. Secondary metabolite gene cluster heatmap colours 
correspond to the number of gene clusters identified for each type of gene cluster. Phage heatmap 
colours correspond to the number of prophage regions of either intact, questionable or incomplete 
quality identified in each genome. Strains are clustered according to their genospecies environmental 
origin; OA = organic genospecies A, OC = organic genospecies C, OE = organic genospecies E, and CC = 
conventional genospecies C. Accession numbers for quorum sensing associated gene reference 
sequences can be found in Table 6.3. 
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tended	to	grow	well	in	other	strain	supernatants	on	average.	Conversely,	strains	that	had	particularly	facilitative	supernatants	grew	less	well	in	the	supernatants	of	the	other	strains.	This	association	could	also	potentially	be	a	result	of	resource	competition	between	specialists	and	generalists.	The	direct	inhibitory	activation	and	growth	of	OE	strains	could	also	be	triggered	by	quorum	sensing	interactions	with	other	strains,	as	all	strains	were	found	to	contain	multiple	homoserine	lactone	biosynthesis	gene	clusters.	The	synergistic	effects	of	multiple	quorum	sensing	signals	could	contribute	to	the	observed	variation	of	interactions,	as	suggested	by	the	identification	of	the	traI/traR/bisR	pathway	in	highly	inhibited	OA	strains.	Additionally,	OE	strains	were	found	to	contain	Vicibactin	siderophore	synthesis	genes	which	could	provide	some	competitive	advantage	to	sequester	resources	from	neighbouring	strains.	Together	these	results	suggest	that,	intraspecific	competitive	abilities	vary	largely	between	rhizobia	strains,	and	this	was	observed	at	both	genospecies	and	genotype	levels.	In	the	field,	intraspecific	competition	is	a	potentially	important	factor	shaping	symbiotic	specificity,	in	addition	to	plant-mediated	selection,	where	the	most	competitive	strains	have	a	greater	chance	of	establishing	symbiosis	with	the	plant.			
6.5.1. Supernatant-mediated interactions can be facilitative and inhibitory 
 Indirect	inhibitory	and	facilitative	supernatant	interactions	were	significantly	influenced	by	genospecies	effects	and	was	predominantly	driven	by	the	inhibition	of	OA	strains	by	OE	strains.	This	is	in	line	with	previous	studies	that	have	associated	
Rhizobium	signalling	molecules	found	in	cell-free	supernatant	with	growth	inhibition	and	symbiosis	establishment,	although	the	presence	of	these	interactions	were	not	investigated	between	genospecies	(Bladergroen,	Badelt	and	Spaink,	2003;	Sanchez-Contreras	et	al.,	2007;	Checcucci	et	al.,	2017).	For	example	Rlv	strain	RBL5523	supernatant	was	found	to	suppress	nodulation	and	nitrogen	fixation	of	strain	RBL5787,	through	secretion	of	temperature-sensitive	proteins	responsible	for	infection	thread	formation	(Bladergroen,	Badelt	and	Spaink,	2003).	Interaction	differences	between	genospecies	groups	observed	in	this	study	are	interesting,	as	exclusive	phenotypic	distinction	between	genospecies	has	not	yet	been	observed	(Kumar	et	al.,	2015).	These	results	suggest	that	maintenance	of	intraspecies	diversity	and	genospecies	groups	could	be	linked	with	intraspecific	strain	interactions.	Despite	genospecies	interaction	effects,	overall	the	competitiveness	and	cooperativeness	of	
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interactions	varied	largely	across	all	pairwise	strain	combinations	and	depended	on	interactions	between	specific	genotypes	(Figure	6.2).	Additionally,	more	closely	related	species	were	not	observed	to	show	more	inhibitory	interactions	towards	one	another	(Appendix	Figure	E.5),	as	shown	in	previous	studies	using	multiple	different	bacterial	species	(Becker	et	al.,	2012).	It	is	thus	possible	that	Rlt	competitive	interactions	are	largely	driven	by	variation	in	accessory	genome	content,	that	extensively	varies	between	and	within	genospecies	(Crossman	et	al.,	2008;	Kumar	et	
al.,	2015;	Cavassim	et	al.,	2019).			Farming	practice	(gsC	organic	or	conventional	farm	isolates)	had	only	very	small	effects	on	indirect	competitive	interactions.	This	is	in	contrast	with	previous	studies	suggesting	that	industrialised	farming	managements	could	influence	rhizobial	population	sizes,	diversity	and	subsequently	legume	root	nodulation	(Graham	and	Vance,	2000).	Another	study	found	that	soybeans	inoculated	with	soil	from	conventional	industrial	farm	sites	had	a	lower	biological	nitrogen	fixation	turnover	compared	to	when	inoculated	with	soil	from	organic	treatments	(Schmidt,	Weese	and	Lau,	2017).	These	soils	could	have	also	contained	a	higher	number	of	other	rhizosphere	microbes,	which	is	another	added	complexity	to	the	functionality	of	community	interactions	influencing	symbiotic	productivity.			
6.5.2. Growth inhibition was observed in direct interaction 
 Clear	patterns	of	direct	inhibition	were	observed	at	both	genospecies	and	genotype	levels.	OE	was	the	most	capable	of	producing	inhibition	zones	across	strains	and	produced	inhibition	zones	on	all	but	one	OA	strain,	which	further	demonstrated	their	ability	to	inhibit	OA	strain	growth	in	a	direct	capacity	as	well	as	indirectly	through	supernatants.	On	the	other	hand,	gsC	seemed	to	be	the	most	resistant	to	inhibition	zones,	but	their	susceptibility	to	inhibition	zones	and	their	ability	to	produce	inhibition	zones	on	average	did	not	differ	between	conventional	and	organic	farming	treatments	(Figure	6.2b).	Furthermore,	the	ability	to	produce	inhibition	zones,	and	the	size	of	those	inhibition	zones,	was	found	to	vary	at	the	level	of	individual	strains.	While	OA	was	found	to	be	the	most	susceptible	to	inhibition	zone	formation	by	all	other	genospecies,	this	effect	was	predominantly	caused	by	three	OA	strains	(SM145B,	SM154C	and	SM144A)	that	had	the	largest	inhibition	zones	with	diameters	ranging	from	7.52	mm	to	19.85	mm.	Direct	inhibitory	rhizobia	interactions	displayed	
  216 
through	inhibition	zone	production	have	also	been	observed	in	previous	studies	(Hirsch,	1979;	Oresnik,	Twelker	and	Hynes,	1999;	Lithgow	et	al.,	2000;	Wilkinson	et	
al.,	2002;	McAnulla	et	al.,	2007).	Rhizobia	have	similarly	been	shown	to	produce	a	range	inhibition	zone	sizes	when	plated	on	agar	lawns	of	other	rhizobial	strains,	and	this	has	been	suggested	to	be	a	consequence	of	the	production	of	different	bacteriocins	and	activity	of	quorum	sensing	associated	mechanisms	(see	section	4.3.2	below)	(Hirsch,	1979;	Joseph,	Desai	and	Desai,	1983;	Schripsema	et	al.,	1996;	Wilkinson	et	al.,	2002;	Joshi	et	al.,	2008).	However,	there	has	otherwise	been	limited	investigation	of	direct	pairwise	competition	between	natural	rhizobia	isolates	on	such	a	scale	(Hirsch,	1979),	with	previous	comparisons	predominantly	focusing	on	less	than	10	strains.			Together,	genospecies	groups	were	found	to	differ	in	competitiveness,	which	was	largely	driven	by	both	direct	and	indirect	suppressive	effects	of	OE	supernatants	on	OA	strain	growth	(Figure	6.2).	Furthermore,	OA	strains	were	consistently	suppressed	by	OE	strains	even	though	all	strains	were	originally	isolated	from	across	different	Danish	farm	sites.	However,	overall	the	correlation	between	negative	inhibitory	effects	observed	in	the	supernatant	assays	and	direct	interference	competition	in	the	soft	agar	assays	varied	largely	between	Rlt	strains.	Strain	combinations	that	displayed	indirect	suppressive	interactions	in	supernatant	did	not	necessarily	produce	inhibition	zones	when	in	direct	competition,	such	as	with	strain	SM126B.	This	further	supports	the	theory	that	both	exploitative	(indirect)	and	interference	(direct)	competition	occur	between	rhizobia	strain	combinations,	and	the	extent	to	which	either	or	both	are	utilised	is	determined	at	the	strain	level.	While	it	is	well	known	that	rhizobia	strains,	and	bacterial	species	in	general,	interact	through	both	direct	and	indirect	mechanisms	(Hibbing	et	al.,	2010;	Checcucci	et	al.,	2017),	there	has	been	limited	investigation	into	whether	strains	that	are	successful	indirect	competitors	are	also	good	direct	competitors.			
6.5.3. Underlying mechanisms behind intraspecific competitive interactions 
6.5.3.1. Indirect competition could be partially mediated by resource competition 
 No	correlation	between	metabolic	similarity	and	genetic	relatedness	was	found	in	this	study,	and	despite	some	genospecies	level	patterns,	even	closely	related	individual	genotypes	varied	considerably	in	their	competitive	effects	within	
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genospecies	(Figure	6.2a).	Previous	research	has	suggested	that	more	genetically	related	strains	will	exert	relatively	stronger	competition	towards	each	other	through	resource	competition,	because	they	are	more	likely	to	share	similar	metabolic	pathways,	and	exhibit	a	resource	niche	overlap	(Russel	et	al.,	2017).	Such	relationship	was	not	found	in	this	study,	potentially	because	a	complex	TY	medium	was	used	to	grow	strains,	which	may	have	masked	niche	differences	that	are	visible	when	growing	strains	in	a	more	resource	restricted	media.		Additionally,	and	as	also	shown	in	other	studies,	no	metabolite	was	found	to	be	exclusively	metabolised	by	a	single	genospecies;	this	supports	the	overall	influence	of	individual	strain	interactions	being	the	dominant	signal	in	this	analysis	(Appendix	Figure	E.4)	(Kumar	et	al.,	2015).	Similar	to	previous	research,	all	strains	used	in	this	study	showed	the	greatest	phenotypic	variance	in	amino	acid	metabolism	and	general	carbohydrate	metabolism,	such	as	sugars	(Wielbo	et	al.,	2010),	but	also	phosphate	carbons	which	has	not	been	shown	previously	(Figure	6.7c-d).	OE	strains	were	able	to	metabolise	the	greatest	number	of	single	substrates	and	displayed	a	high	metabolic	capacity	across	31	single	substrate	treatments.	This	result	supports	the	hypothesis	that	OE	strains	can	efficiently	deplete	nutrients	in	the	complex	TY	media,	acting	as	generalists,	and	subsequently	produce	supernatants	that	are	poor	at	supporting	the	growth	of	other	strains.	Correspondingly,	OA	strains	showed	much	lower	metabolic	capacity	and	metabolised	fewer	substrates	in	general,	suggesting	they	may	display	more	specialist	characteristics	and	leave	more	nutrients	unutilised	in	the	supernatant,	which	could	facilitate	growth	of	other	strains.	However,	OA	strains	grew	even	worse	in	OE	supernatants	(1:1	supernatant:100%	TY)	than	50%	TY	controls	(Appendix	Figure	E.6),	which	suggests	that	inhibitory	mechanisms	other	than	purely	resource	competition	are	being	observed.	This	is	because	theoretically	strains	should	grow	better	in	supernatant	treatments	than	50%	TY	controls	as	supernatant	treatments	contain	an	equal	amount	of	nutrients	to	50%	TY	control	treatments	plus	any	additional	nutrients	left	behind	in	the	supernatant.			All	five	OE	strains	were	found	to	contain	NRPS	cluster	orthologs	with	100%	identity	to	Vicibactin	siderophore	production,	whereas	NRPS	clusters	were	absent	in	OA	strain	genomes	(Appendix	Table	E.10).	Vicibactin	can	be	used	by	R.	leguminosarum	strains	to	sequester	iron	from	rhizosphere	environments	and	is	associated	with	productive	symbioses,	as	iron	is	vital	for	successful	nitrogenase	function	(Heemstra,	
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Walsh	and	Sattely,	2009;	Geetha	and	Joshi,	2013;	Wright	et	al.,	2013).	This	sequestering	of	iron	from	other	non-producer	Rlt	strains	provides	siderophores	with	antimicrobial-like	qualities,	as	it	prevents	the	growth	of	other	strains	without	the	ability	to	compete	with	their	own	siderophores	(Kramer,	Özkaya	and	Kümmerli,	2019).	This	could	further	suggest	that	OE	strains	are	capable	of	repressing	strain	growth	through	secondary	metabolite	secretion	which	enables	resource	competition	for	essential	molecules	such	as	iron,	thereby	increasing	their	competitive	advantage.	 	









  220 
could	be	advantageous	for	regulating	growth	in	particularly	crowded	rhizospheres	of	nodulated	legumes	and	for	increasing	symbiotic	capacity	of	communities	through	conjugal	plasmid	transfer	(He	et	al.,	2003;	Downie,	2010).			The	combination	of	potentially	indirect	and	direct	competition	displayed	by	OE	strains	could	make	them	strong	rhizosphere	competitors.	The	most	competitive	strains	in	the	rhizosphere	are	likely	those	capable	of	both	outcompeting	other	strains	for	resources	and	also	producing	direct	inhibitory	metabolites	to	regulate	growth	of	closely	related	neighbouring	strains,	which	could	provide	some	selective	advantage	for	rhizosphere	persistence	and	symbiotic	establishment	(Schwinghamer	and	Brockwell,	1978).	Therefore,	in	addition	to	resource	competition	between	strains,	it	could	be	suggested	that	additional	direct	repression	of	strain	growth	through	quorum	sensing	AHLs	and	bacteriocin	activity	also	plays	a	role	in	the	variation	of	Rlt	strain	interactions	(Schripsema	et	al.,	1996;	Wisniewski-Dyé	and	Downie,	2002).			













  223 





leguminosarum	genospecies.	The	three	specific	questions	were	to:		1) Determine	if	the	diversity	of	Rlt	populations	can	be	explained	by	the	selective	differences	of	white	clover	genotypes		2) understand	if	Rlt	genetic	diversity	manifests	itself	in	the	gene	expression	profiles	and	growth	phenotypes	of	strains	between	and	within	genospecies;	3) identify	whether	intraspecific	Rlt	interactions	can	be	determined	by	genetic	differences	between	genospecies	and	environmental	origins	of	strains.		The	wider	implications	of	the	findings	and	avenues	for	future	research	are	highlighted.	The	chapter	ends	the	thesis	with	a	general	conclusion	of	the	research	provided.		
7.2. Influence of white clover genotype selectivity on Rlt populations  
 It	was	first	posed	whether	different	white	clover	cultivars	symbiotically	select	for	different	rhizobia	strains	in	the	field.	If	so,	this	could	highlight	that	symbiotic	specificity	extends	beyond	the	interspecies	level	and	is	also	important	at	the	intraspecies	level	of	symbiotic	interactions.	Additionally,	differences	in	clover	genotype	symbiotic	selectivity	could	partially	explain	the	large	intraspecies	diversity	of	Rlt	as	populations	evolve	by	adaptive	evolution	to	symbiotic	engagement	with	different	cultivars.	This	knowledge	could	then	be	utilised	to	aid	development	of	
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rhizobial	inoculant	x	clover	cultivar	combinations	that	are	optimally	genetically	compatible	for	improved	agricultural	use.			To	answer	this	question,	the	MAUI-seq	multiplexed	high	throughput	amplicon	sequencing	(HTAS)	method	was	developed	to	enable	confident	evaluation	of	intraspecies	diversity	from	environmental	DNA	samples	based	on	two	core	and	two	accessory	genes.	This	was	achieved	by	decontaminating	amplicon	sequence	data	of	chimeras	and	other	amplification	and	sequencing	errors	that	were	identified	using	unique	molecular	identifiers	(UMIs).	Few	studies	have	used	HTAS	for	intraspecies	ecological	diversity	studies	(Kinoti	et	al.,	2017;	Poirier	et	al.,	2018),	and	this	is	likely	because	there	are	significant	concerns	that	genuine	allelic	sequence	variation	within	highly	genetically	similar	DNA	samples	cannot	be	confidently	distinguished	from	incurred	sequencing	PCR	errors.	MAUI-seq	implements	global	UMI-based	error	rates	to	detect	and	correct	for	chimeras	and	other	erroneous	PCR	artefacts.	Multiple	amplicons	(housekeeping	genes,	rpoB	and	recA,	and	symbiosis	genes,	nodA	and	nodD)	were	used	to	discern	intraspecies	diversity	as	16S	rDNA	amplicons	are	too	highly	conserved	to	sufficiently	determine	intraspecies	sequence	diversity	(Gaunt	et	al.,	2001;	Case	et	al.,	2007;	Adékambi,	Drancourt	and	Raoult,	2009;	Vos	et	al.,	2012;	Poirier	et	al.,	2018).	The	method	was	validated	using	known	synthetic	rhizobial	DNA	mixtures	and	environmental	white	clover	nodule	samples	and	was	found	to	perform	more	robustly	compared	to	established	amplicon	sequence	variant	clustering	methods,	DADA2	and	UNOISE3	(Figure	2.3	and	Figure	2.4).			The	validated	MAUI-seq	method	was	then	used	to	aid	determination	of	whether	five	white	clover	genotypes	contained	significantly	different	Rlt	nodule	populations	based	on	rpoB,	recA,	nodA	and	nodD	allele	frequencies	when	grown	under	field	conditions.	Several	clover	genotypes	were	found	to	display	significantly	different	Rlt	diversity		(Figure	3.4),	however	the	level	of	observed	intraspecies	diversity	was	influenced	by	the	candidate	gene	and	whether	diversity	was	evaluated	at	the	level	of	individual	genes	or	their	combinations.	Furthermore,	a	large	amount	of	sequence	variation	was	observed	within	clover	genotypes	for	all	four	genes	(Figure	3.3).	rpoB	and	recA	alleles	displayed	the	greatest	distinction	between	clover	genotypes	but	diversity	was	also	associated	with	geographic	distance	between	samples	in	the	field	rather	than	solely	resulting	from	host-filtering	by	the	plant.	The	combined	effect	of	plant	genotype	and	geospatial	variation	in	allele	frequencies	has	similarly	been	shown	by	other	studies	
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(Aouani	et	al.,	1997;	Nleya,	Walley	and	Vandenberg,	2001;	Fagerli	and	Svenning,	2005;	Argaw	and	Muleta,	2017;	Liu	et	al.,	2019),	as	well	as	with	the	samples	originally	used	to	validate	MAUI-seq	(Figure	2.4).	This	is	likely	due	to	differences	in	local	geographic	conditions	influencing	the	initial	microbial	rhizosphere	community	which	is	then	further	selected	by	the	legume	genotype	(Vuong,	Thrall	and	Barrett,	2017;	Liu	
et	al.,	2019).	Symbiosis	genes	on	the	other	hand	showed	no	significant	distinction	between	clover	genotypes	and	similarly	showed	no	association	to	geographic	distance	between	samples.	This	was	surprising	as	influence	of	potential	nodulation-based	symbiotic	selection	was	expected	to	reflect	in	differing	diversity	of	Rlt	nodulation	genes	between	clover	genotypes.	However,	as	the	genotypic	differences	between	clover	F2	crosses	were	unknown,	this	could	potentially	be	due	to	a	lack	of	variation	in	the	mechanisms	determining	symbiotic	selectivity	between	crosses.		Furthermore,	without	determining	the	intraspecies	diversity	of	the	rhizospheres	it	remains	unclear	how	much	the	diversity	of	Rlt	nodule	populations	differ	from	the	initial	rhizosphere	pools	for	each	sample.			Rhizobia	from	soil,	rhizosphere	and	nodules	of	different	legume	species	have	been	characterised	using	PCR-restriction	fragment	length	polymorphism	(RFLP)	of	16S-23S	ribosomal	DNA	intergenic	spacers,	nodD	amplicon	sequencing,	and	insertion	sequence	typing	(Bromfield,	Barran	and	Wheatcroft,	1995;	Laguerre	et	al.,	2003;	McGinn	et	al.,	2016).	These	methods	are	useful	to	detect	sub-species	and	strain	level	differences,	along	with	repetitive	extragenic	palindromic	polymerase	chain	reaction	(rep-PCR)	fingerprinting	using	enterobacterial	repetitive	intergenic	consensus	(ERIC)	primers	(McGinn	et	al.,	2016).	HTAS	is	also	a	popular	method	for	microbial	community	diversity	analyses,	however	sequencing	errors	introduced	during	amplification	and	sequencing	poses	challenges	even	for	interspecies	studies.	A	main	advantage	of	MAUI-seq	over	other	established	HTAS	clustering	methods	(DADA2	and	UNOISE3)	is	that	sequences	are	determined	as	genuine	using	UMI-based	error	rates,	rather	than	rejecting	sequences	based	on	their	similarity	to	other	sequences	in	the	dataset.	This	makes	the	MAUI-seq	method	different	to	DADA2	and	UNOISE3,	where	sequences	are	classed	as	chimeras	if	they	can	be	created	as	recombinants	of	other	sequences.	Especially	for	intraspecies	analysis,	this	risks	generating	false-positive	rejections	of	genuine	alleles	in	datasets	containing	sequences	with	high	sequence	similarity	(Edgar,	2016a).	Future	improvements	to	MAUI-seq	could	involve:	1)	utilisation	of	a	statistical	model	to	determine	the	appropriate	secondary/primary	
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sequences	ratio	threshold	for	detecting	chimeras	rather	than	using	a	predefined	threshold;	2)	using	recognisable	target	sequence	spike-in	controls	during	initial	sample	processing	in	order	to	determine	absolute	abundance	of	sequence	alleles;	3)	utilising	longer	amplicon	sequences	in	line	with	the	development	of	sequencing	technologies;	4)	implementing	UMIs	at	both	ends	of	the	amplicon	region	as	an	additional	confirmation	of	chimera	detection	(Burke	and	Darling,	2016).			Another	advantage	of	MAUI-seq	is	that	the	approach	allows	assessment	of	intraspecies	diversity	using	multiple	gene	amplicons	as	it	was	shown	that	observed	intraspecies	diversity	can	be	influenced	by	choice	of	gene	candidates	(Figure	3.4).	Using	multiple	amplicons	to	determine	Rlt	diversity	enabled	assessment	of	intraspecies	diversity	from	the	perspective	of	both	horizontal	(plasmid-bound	nodA	and	nodD)	and	vertical	(chromosomal-bound	rpoB	and	recA)	gene	transmission.	However,	this	also	emphasised	how	the	gene	markers	must	be	chosen	with	careful	consideration	to	the	research	questions	in	mind.	For	example,	symbiotic	specificity	can	also	be	influenced	by	extracellular	polysaccharide	production,	plant-identification	of	rhizobial	secretion	systems	and	detection	of	microbe-associated	molecular	patterns.	Genes	associated	with	these	molecular	interactions	were	not	evaluated	in	this	study	and	could	have	potentially	displayed	differences	in	selection	by	clover	genotypes	(Perret,	Staehelin	and	Broughton,	2000;	Simms	and	Taylor,	2002;	Wang,	Liu	and	Zhu,	2018).	These	genes	could	be	tested	in	future	to	evaluate	their	association	with	intraspecies	symbiotic	specificity.	Additionally,	as	the	MAUI-seq	method	is	applicable	to	any	type	of	environmental	sample,	it	would	have	been	insightful	to	evaluate	the	rhizosphere	soil	community	compositions	to	determine	if	
Rlt	rhizosphere	populations	differed	between	clover	genotype	samples.	Furthermore,	MAUI-seq	has	the	potential	to	be	used	for	other	types	of	amplicon	diversity	studies,	and	in	this	case	could	be	further	used	to	monitor	the	general	soil	community	diversity	based	on	16S	and	ITS	gene	regions.		Together,	these	studies	aimed	to	evaluate	whether	different	clover	cultivars	could	select	for	significantly	different	Rlt	genotypes	and	the	results	could	be	used	to	aid	development	of	more	productive	clover	inoculants	that	are	matched	with	plant	genotypes.	For	example,	future	analyses	could	focus	in	pure	check	clover	varieties	(and	other	agriculturally	important	cultivated	legumes	(Stagnari	et	al.,	2017))	to	determine	if	specific	clover	varieties	preferentially	select	for	different	Rlt	genotypes.	
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If	so,	this	would	suggest	there	is	significant	benefit	to	developing	highly	genetically	compatible	rhizobia	inoculants	based	on	the	legume	genotype.			
7.3. Transcriptomic and phenotypic intraspecies diversity of Rlt 
 The	species	of	Rhizobium	leguminosarum	is	highly	genetically	diverse	and	contains	a	species	complex	including	at	least	five	genetically	distinct	genospecies	(Kumar	et	al.,	2015;	Cavassim	et	al.,	2020).	Despite	the	significant	genomic	differences	between	genospecies,	no	phenotypic	traits	have	been	exclusively	associated	to	a	single	genospecies	(Ravin,	1963;	Kumar	et	al.,	2015;	Smith,	2018).	It	is	unclear	to	what	extent	transcriptional	variation	between	and	within	genospecies	is	also	evident.	If	bacterial	genetic	distance	evidently	influences	gene	expression,	analysis	of	transcriptional	differences	between	genospecies	could	highlight	the	advantages	of	using	transcriptional	variation	as	a	phenotypic	parameter	for	taxonomic	species	distinction.	Therefore,	this	study	used	a	multi-strain	approach	to	determine	whether	
Rlt	genetic	diversity	is	reflected	in	the	transcriptomes	of	strains,	and	furthermore	how	this	transcriptomic	diversity	can	be	linked	to	phenotypic	traits.			Although	genospecies	share	the	same	core	genome,	both	transcriptomic	and	phenotypic	differences	were	identified	between	genospecies.	Genospecies	displayed	differences	in	core	genome	transcriptome	profiles	and	showed	significant	expression	differences	at	the	level	of	individual	core	genes	(Figure	4.1a).	Within	genospecies,	core	genome	transcriptome	profiles	were	less	distinct	(Figure	4.1d).	Following	this	trend,	increased	genetic	divergence	between	Rlt	strains	was	found	to	correlate	with	an	increased	number	of	differentially	expressed	core	genes	(Figure	4.1f).	This	suggests	that	Rlt	genetic	diversity	is	evident	at	the	gene	expression	level	of	the	core	genome	which	contains	essential	genes	shared	by	all	strains	of	the	species.	To	understand	the	potential	functional	implications	of	the	observed	transcriptional	diversity,	co-expressed	core	genes	were	grouped	into	modules	and	expression	was	correlated	to	growth	of	the	phenotypes.	Significant	correlations	were	identified	between	the	expression	of	several	modules	and	phenotypic	growth	differences	between	genospecies.	Core	gene	modules	enriched	with	gene	functions	related	to	fundamental	bacterial	metabolism	were	found	to	also	significantly	differ	in	expression	between	genospecies	(Figure	4.3).	Taken	together,	using	a	multi-strain	experimental	design	to	capture	the	extent	of	species	level	expression	variation	
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enabled	identification	of	groups	of	species-conserved	co-expressed	genes	associated	with	genospecies	differences	in	bacterial	metabolism.	However,	as	a	significant	number	of	the	core	genes	have	unknown	functions,	future	work	could	further	investigate	the	functional	relevance	of	differing	genospecies	expression	patterns,	and	also	observe	whether	these	differences	are	reproducible	under	more	applicable	rhizosphere-based	conditions.			Variation	in	genome	architecture	and	gene	expression	was	additionally	utilised	to	identify	transcriptional	units	that	were	conserved	across	genospecies.	This	was	achieved	to	further	understand	the	extent	genetic	diversity	causes	differential	regulation	of	transcription	between	genospecies	that	is	observable	at	the	operon	level.	Overall,	94	transcriptional	units	were	found	to	be	conserved	across	all	five	Rlt	genospecies,	with	approximately	1000	transcriptional	units	identified	for	each	genospecies	individually.	Therefore,	differences	in	genome	organisation	and	gene	content	have	the	potential	to	substantially	change	the	regulatory	organisation	of	genomes	and	consequent	phenotypes	within	a	single	bacterial	species.	The	use	of	genomic	and	transcriptomic	data	from	multiple	strains	with	differing	genomic	compositions	offered	additional	verification	for	predicting	operons	and	additionally	highlighted	the	variation	of	operon	architecture	within	Rlt	which	likely	contributes	to	the	substantial	transcriptomic	and	phenotypic	diversity	observed	across	strains.	This	investigation	has	generated	a	new	resource	of	putative	operons	from	five	Rlt	genospecies	using	26	strains.	It	would	be	interesting	to	evaluate	differences	in	whole	operon	expression	between	genospecies	at	the	operon	level.	Therefore,	future	work	could	aim	to	test	if	the	94	conserved	operons	show	differences	in	expression	between	genospecies,	which	would	also	confirm	suggested	regulatory	differences	between	genospecies.	Moreover,	the	functional	associations	of	operons	found	exclusively	to	specific	genospecies	could	be	further	explored	as	well	to	identify	enriched	pathways	in	different	genospecies.			Similar	to	previous	studies	(Kumar	et	al.,	2015),	Rlt	strains	displayed	large	variation	in	growth	phenotypes	and	resource	metabolism	(Figure	4.2;	Figure	6.2;	Figure	6.7),	however	no	identified	phenotype	was	exclusive	to	a	single	genospecies.	Metabolic	versatility	has	been	associated	with	replicon	diversity	which	could	explain	the	lack	of	metabolic	traits	exclusive	to	individual	genospecies	and	also	the	significant	variation	in	metabolic	capacity	across	strains,	as	plasmids	containing	different	metabolic	
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strain	approach	to	characterise	genospecies	transcriptomic	and	phenotypic	traits	under	bacteroid	physiologies	to	observe	Rlt	diversity	of	additional	relevant	phenotypes	such	as	nitrogen	fixing	abilities	or	bacteroid	metabolism.			With	consideration	to	the	wider	perspective	of	understanding	species	phenotypic	variation,	a	significant	challenge	for	cross-species	analyses	is	the	limited	representation	of	variation	within	species,	particularly	for	transcriptome	studies	where	direct	species	comparisons	have	commonly	used	only	one	or	two	isolates	to	represent	a	species	(Scaria	et	al.,	2013;	Kimes	et	al.,	2014;	González-Torres	et	al.,	2015;	Vital	et	al.,	2015).	The	multi-strain	experimental	design	used	in	this	study	aimed	to	rectify	this	by	considering	the	likely	variation	observed	within	species	in	order	to	identify	true	transcriptional	differences	between	genetically	distinct	groups	of	strains.	For	example,	utilisation	of	this	approach	identified	that	Rlt	genospecies	have	differentially	expressed	core	genomes	(Figure	4.1a-c).	Transcriptomes	have	been	considered	a	molecular	phenotype	capable	of	identifying	initial	species	divergence,	however	the	amount	to	which	gene	expression	corresponds	to	definitive	bacterial	species	difference	is	still	disputed	(Pavey	et	al.,	2010;	Wolf	et	al.,	2010;	Vital	
et	al.,	2015;	Dunning	et	al.,	2016).	Polyphasic	taxonomy	predominantly	classes	strains	into	species	groups	through	genetic	similarity	and	also	with	consideration	of	expected	characteristic	phenotypes	of	the	species	(Vandamme	et	al.,	1996;	Young,	2016).	However,	this	idea	does	not	necessarily	align	well	to	bacterial	species	where	large	species	accessory	genomes	can	convey	a	multitude	of	diverse	phenotypes	(Young,	2016).	The	high	genetic	diversity	within	bacteria	species	is	largely	accounted	for	by	various	forms	of	introgression,	which	can	make	identification	of	definitive	species	traits	challenging	(Tettelin	et	al.,	2005;	McInerney,	McNally	and	O’Connell,	2017).	Subsequently,	it	has	been	suggested	that	bacterial	taxonomy	should	be	defined	by	core	gene	relationships,	and	that	morphological	and	metabolic	phenotypic	similarity	should	not	be	a	strict	requirement	of	species	classification	(Chan	et	al.,	2012;	Kumar	et	al.,	2015).	Transcriptomic	data	provide	the	informative	link	between	genomic	and	phenotypic	variation	and	could	confirm	the	genomic	influence	on	phenotypic	and	regulatory	divergence	of	strains	while	also	identifying	species	phenotypes	that	do	not	necessarily	result	in	a	physiological	trait.	For	example,	gene	expression	profiles	have	been	able	to	emphasise	regulatory	differences	in	strain	physiology	to	a	greater	extent	than	by	phylogenetic	differences	alone	(Vital	et	al.,	2015).	From	observing	transcriptome	differences	between	Rlt	genospecies,	
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transcriptome	profiles	from	multiple	strains	could	be	used	to	identify	species-specific	regulatory	expression	differences	and	transcriptional	phenotypes	in	combination	with	genomic	and	phenotypic	data.			
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distinct	(Cavassim	et	al.,	2020)	and	shown	to	differ	in	the	expression	of	core	genes	which	was	associated	with	differences	in	growth	phenotypes	and	putative	metabolic	differences	(Figure	4.3	and	Figure	4.4).	Direct	and	indirect	competitive	interactions	associated	with	genospecies	differences	were	largely	driven	by	the	overall	inhibitory	action	of	gsE	strains	towards	the	growth	of	gsA	strains,	however	ultimately	competitive	ability	varied	within	genospecies	too	(Figure	6.2	and	Figure	6.4).	Interactions	were	suggested	to	be	explained	by	resource	competition	between	specialist	and	generalist	strains	through	investigation	of	Ecoplate	data	inferring	metabolic	capabilities	of	strains	(Figure	6.7).	Genetically	similar	strains	did	not	necessarily	display	more	competitive	interactions,	despite	previous	research	suggesting	that	more	genetically	related	strains	will	display	stronger	resource	competition	towards	one	another	(Russel	et	al.,	2017).	Genetic	differences	between	strains	were	identified	that	were	suggested	to	potentially	increase	the	susceptibility	of	strains	to	other	rhizobia	strains,	and	additionally	other	properties	were	also	identified	that	could	enable	strains	to	outcompete	and	inhibit	other	rhizobia	strains.	For	example,	secreted	compounds	were	suggested	to	influence	competitive	ability	in	addition	to	resource	utilisation,	including	secretion	of	quorum	sensing	signalling	molecules,	bacteriocins	and	secondary	metabolites	(Figure	6.8).	Comparative	genomic	analysis	also	identified	large	variation	in	the	presence	of	inducer	and	regulator	genes	for	other	downstream	quorum	sensing	pathways,	such	as	rhiI/rhiR,	
traI/traR	and	raiI/raiR,	similarly	to	previous	investigations	(Wisniewski-Dyé	and	Downie,	2002).	This	could	have	contributed	to	the	large	variation	in	observed	facilitative	and	inhibitory	interactions	across	strains.	Further	exploration	of	the	presence	of	quorum	sensing	pathway	genes	identified	that	the	greater	susceptibility	of	specific	gsA	strains	(SM144A,	SM154C,	SM145B)	to	direct	growth	inhibition	was	likely	the	result	of	the	presence	of	quorum-sensing	traI,	traR	and	bisR	genes,	which	mediate	strain	growth	via	increased	sensitivity	to	the	quorum-sensing	AHL,	3OH-C14:1-HSL	(small	bacteriocin)	(Hwang	et	al.,	1994;	Wilkinson	et	al.,	2002;	Danino	et	al.,	2003;	He	et	al.,	2003;	McAnulla	et	al.,	2007;	Lang	and	Faure,	2014).	The	potential	variation	in	quorum	sensing	capabilities	between	genospecies	was	further	supported	by	the	identification	of	differentially	expressed	quorum	sensing	associated	genes,	and	the	enrichment	of	quorum	sensing	genes	contributing	to	the	distinction	of	genospecies	core	genome	expression	profiles	(Figure	4.1).	Additionally,	a	search	of	secondary	metabolite	biosynthesis	gene	clusters	in	strain	genomes	identified	that	all	gsE	strains	contained	a	non-ribosomal	peptide	synthetase	(NRPS)	gene	cluster	for	
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Vicibactin	siderophore	production.	This	siderophore	could	have	increased	the	competitive	ability	of	gsE	strains	to	repress	strain	growth	through	antimicrobial	activity	and	increased	resource	competition	for	crucial	molecules	like	iron	(Geetha	and	Joshi,	2013;	Wright	et	al.,	2013;	Kramer,	Özkaya	and	Kümmerli,	2019).			Overall,	this	analysis	highlighted	that	Rlt	strains	display	a	wide	range	of	competitive	abilities	at	the	genotype	level	with	the	potential	to	influence	the	growth	of	other	strains	utilising	both	direct	and	indirect	mechanisms.	While	this	analysis	explored	multiple	mechanisms	to	potentially	explain	the	patterns	of	Rlt	strain	interactions,	they	were	by	no	means	extensive.	Therefore,	a	key	area	for	future	study	would	be	to	conduct	additional	comparative	genomic	analyses	to	investigate	metabolic	pathway	differences	between	strains,	which	could	aid	identification	of	mechanisms	by	which	strains	differ	in	their	competitive	resource	utilisation.	Future	work	could	also	utilise	mass	spectrometry	to	identify	molecular	differences	between	strain	supernatants	which	could	prove	insightful	for	understanding	why	some	strain	supernatants	were	particularly	inhibitory	or	facilitative	to	strain	growth.			It	was	additionally	hypothesised	that	Rlt	intraspecies	interactions	may	differ	between	strains	isolated	from	different	environmental	origins.	This	is	because	Rlt	strains	were	shown	to	cluster	by	genospecies	based	on	gene	content	similarity,	but	also	cluster	by	geographic	origin	as	an	underlying	substructure	within	genospecies	clustering	(Cavassim	et	al.,	2020).	This	could	suggest	that	within	genospecies	strains	have	adapted	to	different	environments	which	may	influence	their	competitive	ability.	When	competitive	interactions	of	gsC	strains	originating	from	conventional	or	organic	farm	managements	were	compared,	it	was	found	that	on	average	environmental	origin	was	not	significantly	associated	with	either	direct	or	indirect	competitive	interactions	(Figure	6.3	and	Figure	6.5).	Similarly,	growth	of	gsA	strains	was	consistently	directly	and	indirectly	suppressed	by	gsE	strains	despite	all	strains	being	originally	isolated	from	multiple	different	organic	farm	sites	across	Denmark,	suggesting	that	this	competitive	ability	is	likely	to	have	adapted	on	a	larger	geographic	scale	and	could	be	replicable	across	farm	managements.	However,	the	reduced	influence	of	environmental	origin	is	contradicted	by	previous	studies	which	have	suggested	that	differing	farming	practices	can	influence	rhizobial	population	size,	diversity,	nodulation	and	fixation	ability	(Graham	and	Vance,	2000;	Schmidt,	Weese	and	Lau,	2017).	Therefore,	the	influence	of	different	farming	treatments	on	the	
  234 
competitive	ability	of	strains	may	only	manifest	under	larger	scale	rhizosphere	communities	or	when	strains	are	introduced	into	foreign	agricultural	conditions.	For	example,	gsC	strains	(OC	and	CC)	were	the	only	strain	to	contain	both	inducer	and	regulator	orthologs	for	either	rhi	or	rai	quorum	sensing	pathways	which	may	infer	a	currently	unknown	competitive	advantage	in	the	rhizosphere	(Gray	et	al.,	1996;	Wisniewski-Dyé	and	Downie,	2002;	Sanchez-Contreras	et	al.,	2007).	As	all	strains	used	in	the	competition	assays	were	originally	isolated	from	farm	sites	across	Denmark,	it	would	also	be	interesting	for	future	research	to	investigate	whether	observed	genospecies-associated	patterns	are	replicable	across	other	countries	and	continents.			While	the	intraspecific	competition	assays	are	unable	to	answer	how	intraspecies	competition	affects	symbiotic	success,	they	do	highlight	the	wide	diversity	of	interactions	between	Rlt	strains	and	the	potential	importance	of	considering	these	interactions	when	optimising	symbiosis.	Specifically,	inhibitory	interactions	between	rhizobia	could	have	a	detrimental	effect	on	symbiotic	efficiency	if	strains	with	strong	nitrogen	fixing	abilities	are	subsequently	unable	to	form	symbiosis	with	the	plant	host	(Kiers	and	Denison,	2008;	Blanco,	Sicardi	and	Frioni,	2010;	Barrett	et	al.,	2015;	Pahua	et	al.,	2018).	Therefore,	it	is	crucial	that	the	influence	of	intraspecies	interactions	are	considered	when	developing	agricultural	inoculants	to:	1)	avoid	conflicting	interactions	between	co-inoculant	strains;	and	2)	circumvent	incompatibility	with	indigenous	rhizosphere	communities	which	may	reduce	inoculant	effectiveness	(Berg	et	al.,	1988;	Triplett	and	Sadowsky,	1992;	Blanco,	Sicardi	and	Frioni,	2010).	From	these	competition	experiments,	it	could	be	suggested	that	gsA	and	gsE	should	not	be	used	as	co-inoculants	together,	as	gsE	may	inhibit	gsA	growth	in	the	inoculum	mixture.	Relatedly,	it	could	be	suggested	to	avoid	using	gsA	inoculants	on	soils	where	gsE	is	highly	abundant,	due	to	the	possibility	that	gsA	inoculants	would	not	be	able	to	outcompete	the	native	soil	rhizobia.	However,	despite	the	highly	competitive	phenotype	displayed	by	Rlt	gsE	strains,	they	have	so	far	only	been	identified	in	low	abundance	in	clover	nodules	compared	to	other	genospecies,	although	they	show	higher	frequencies	in	Rlv	populations	from	pea	and	faba	bean	nodules	(Kumar	et	al.,	2015;	Boivin	et	al.,	2020;	Cavassim	et	al.,	2020).	Therefore,	these	interactions	are	unlikely	to	be	directly	applicable	to	the	field	environment	where	strains	must	deal	with	additional	abiotic	stressors	and	higher	order	effects	of	community	interactions	with	other	plant	hosts	and	soil	microbes	(Barrett	et	al.,	
  235 
2015).	A	central	theory	would	be	to	investigate	whether	highly	competitive	rhizobia	in	pairwise	competition	assays	were	also	more	likely	to	form	symbiosis	with	the	plant,	and	recent	advancements	in	sequencing	technologies	able	to	differentiate	individual	strains	in	plant	nodules	will	be	crucial	for	scaling-up	these	interactions	into	multi-strain	communities	in	planta	(Fields	et	al.,	2019;	Mendoza-Suárez	et	al.,	2020).	Future	research	also	aims	to	utilise	these	pairwise	interactions	as	a	basis	for	investigating	how	variations	in	rhizobial	intraspecies	diversity	influence	clover	yield	in	greenhouse	studies.			
7.5. Final remarks 
 It	is	well	established	that	significant	genetic	and	phenotypic	diversity	is	present	in	populations	of	Rhizobium	leguminosarum	to	the	extent	that	a	species	complex	of	at	least	five	genetically	distinct	genospecies	have	been	identified	and	which	display	diverse	metabolic	phenotypes	that	are	not	genospecies-exclusive	(Kumar	et	al.,	2015;	Boivin	et	al.,	2020;	Cavassim	et	al.,	2020).	Therefore,	the	relevance	of	this	vast	genetic	diversity	of	Rlt	and	the	extent	of	its	influence	on	the	phenotypes	and	rhizosphere	interactions	associated	with	symbiosis	have	remained	unclear.	In	this	thesis,	the	extent	of	Rlt	intraspecies	diversity	was	investigated	at	the	genetic	and	phenotypic	levels,	with	a	specific	focus	to	identify	functional	differences	between	Rhizobium	
leguminosarum	genospecies	which	might	have	indicated	towards	their	maintained	genetic	distinction.	This	thesis	identified	that	extensive	genetic	diversity	can	manifest	in	significant	transcriptional	and	phenotypic	variation	across	Rlt	strains,	and	at	the	intraspecies	level	this	diversity	can	influence	symbiont-selectivity	by	different	clover	hosts	and	also	the	competitive	interactions	among	strains.	The	novel	development	of	the	MAUI-seq	high	throughput	amplicon	sequencing	approach	described	in	this	thesis	has	the	potential	to	further	impact	future	intraspecies	investigation	by	providing	a	comprehensive	chimera	and	erroneous	sequence	detection	pipeline	and	by	expanding	the	use	of	multiple	amplicons	to	confidently	characterise	diversity	at	levels	of	low	sequence	divergence.	This	method	is	also	applicable	to	the	wider	use	of	intraspecies	studies	with	other	microbial	species	using	alternative	environmental	samples	or	research	requiring	monitoring	of	multiple	species	within	one	sample.	Multi-strain	transcriptomics,	operon	prediction,	and	phenotype	experiments	reported	in	this	thesis	have	also	demonstrated	that	multiple	strains	can	be	used	to	capture	an	improved	representation	of	the	level	of	intraspecies	diversity	and	
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phenotypic	variation	of	a	species.	These	experiments	add	weight	to	the	arguments	that	the	use	of	characteristics	displayed	by	a	single	strain	is	not	an	adequate	representation	of	species-specific	traits.	As	the	number	of	whole	genome	sequences	and	development	of	high	throughput	phenotypic	assays	increases,	the	level	of	observable	intraspecies	diversity	for	many	bacterial	species	will	also	continue	to	expand.	While	large	scale	pair-wise	competition	assays	between	Rlt	strains	identified	that	significant	variation	in	interactions	could	be	partially	associated	with	genospecies	differences,	the	extent	to	which	these	trends	could	be	replicated	in	an	agricultural	setting	remain	unclear.	The	research	in	this	thesis	clearly	illustrates	that	there	are	still	no	exclusive	phenotypes	identified	from	genospecies	genetic	divergence	based	on	the	representative	strains	used	in	this	project,	but	some	genospecies	on	average	have	been	demonstrated	to	display	some	phenotypes	to	a	greater	extent	compared	to	others.	However,	this	also	raises	the	question	of	whether	there	remain	any	genospecies-exclusive	phenotypes,	and	what	has	influenced	and	maintained	this	genetic	separation	of	genospecies	groups.	To	better	understand	the	implications	of	these	results,	future	investigations	could	address	the	level	of	phenotypic	variation	observed	between	Rlt	strains	and	genospecies	groups	under	bacteroid	physiologies,	as	this	thesis	has	singularly	focused	on	diversity	of	strains	in	free-living	physiologies.	Beyond	the	scope	of	the	findings	from	these	experiments,	this	thesis	has	laid	the	groundwork	for	future	investigations	into	the	significance	of	intraspecies	diversity	for	symbiotic	effectiveness	in	the	rhizobia-legume	symbiosis.	The	significant	functional	diversity	of	Rlt	strains	will	likely	have	implications	not	only	for	symbiosis	but	for	general	ecosystem	functioning	as	well.	Utilising	this	understanding	of	intraspecies	diversity	to	implement	optimised	precision	farming	techniques	will	support	the	progression	to	securing	more	sustainable	global	food	security	for	future	generations	(Sessitsch	et	al.,	2002;	Lupwayi,	Clayton	and	Rice,	2006;	Checcucci	et	al.,	2017).	
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A1 SM3 100 SM170C 0 1 0 
A2 SM170C 100 SM3 0 1 0 
B1 SM3 50 SM170C 50 1 1 
B2 SM3 50 SM170C 50 1 1 
B3 SM3 50 SM170C 50 1 0 
C1 SM3 66.6 SM170C 33.3 1 1 
C2 SM3 66.6 SM170C 33.3 1 1 
C3 SM3 66.6 SM170C 33.3 1 0 
D1 SM3 90 SM170C 10 1 1 
D2 SM3 90 SM170C 10 1 1 
D3 SM3 90 SM170C 10 1 0 
E1 SM3 99 SM170C 1 1 1 
E2 SM3 99 SM170C 1 1 1 
E3 SM3 99 SM170C 1 1 0 
F1 SM170C 66.6 SM3 33.3 1 1 
F2 SM170C 66.6 SM3 33.3 1 1 
F3 SM170C 66.6 SM3 33.3 1 0 
G1 SM170C 90 SM3 10 1 1 
G2 SM170C 90 SM3 10 1 1 
G3 SM170C 90 SM3 10 1 0 
H1 SM170C 99 SM3 1 1 1 
H2 SM170C 99 SM3 1 1 1 








Appendix Figure A.1 Sampling sites for assessment of Rhizobium leguminosarum symbiovar trifolii diversity in 
root nodule samples. Sampling locations in the Aarhus University Science Park and a clover trial station in Store 
Heddinge. DNA was isolated from 100 nodules from four points (black dots) on each individual plot. 
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Appendix Figure A.2 Performance on DNA mixtures for rpoB. A and D) MAUI-seq. A) Observed proportion 
of SM170C rpoB reads versus the expected proportion. Pearson correlation for Phusion=0.996 and 
Platinum=0.956. D) Proportion of chimeras compared to total reads. B and E) DADA2. B) Observed 
proportion of SM170C rpoB reads versus the expected proportion. Pearson correlation for Phusion=0.999 
and Platinum=0.977. E) Proportion of chimeras compared to total counts. C and F) UNOISE3. C) Observed 
proportion of SM170C rpoB reads versus the expected proportion. Pearson correlation for Phusion=0.9998 
and Platinum=0.981. F) Proportion of chimeras compared to total counts. 
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Appendix Figure A.3 Performance on DNA mixtures for recA. A and D) MAUI-seq. A) Observed 
proportion of SM170C recA reads versus the expected proportion. Pearson correlation for 
Phusion=0.948 and Platinum=0.984. D) Proportion of chimeras compared to total reads. B and E) 
DADA2. B) Observed proportion of SM170C recA reads versus the expected proportion. Pearson 
correlation for Phusion=0.952 and Platinum=0.991. E) Proportion of chimeras compared to total counts. 
C and F) UNOISE3. C) Observed proportion of SM170C recA reads versus the expected proportion. 
Pearson correlation for Phusion=0.947 and Platinum=0.989. F) Proportion of chimeras compared to total 
counts. 
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Appendix Figure A.4 Performance on DNA mixtures for nodA. A and D) MAUI-seq. A) Observed 
proportion of SM170C nodA reads versus the expected proportion. Pearson correlation for 
Phusion=0.989 and Platinum=0.985. D: Proportion of chimeras compared to total reads. B and E) 
DADA2. B) Observed proportion of SM170C nodA reads versus the expected proportion. Pearson 
correlation for Phusion=0.999 and Platinum=0.998. E) Proportion of chimeras compared to total counts. 
C and F) UNOISE3. C) Observed proportion of SM170C nodA reads versus the expected proportion. 
Pearson correlation for Phusion=0.999 and Platinum=0.999. F) Proportion of chimeras compared to total 
counts. 
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Appendix Figure A.5 Performance on DNA mixtures for nodD. A and D) MAUI-seq. A) Observed 
proportion of SM170C nodD reads versus the expected proportion. Pearson correlation for 
Phusion=0.990 and Platinum=0.998. D) Proportion of chimeras compared to total reads. B and E) 
DADA2. B) Observed proportion of SM170C nodD reads versus the expected proportion. Pearson 
correlation for Phusion=0.998 and Platinum=0.998. E) Proportion of chimeras compared to total counts. 
C and F) UNOISE3. C) Observed proportion of SM170C nodD reads versus the expected proportion. 
Pearson correlation for Phusion=0.995 and Platinum=0.995. F) Proportion of chimeras compared to total 
counts. 




Appendix Figure A.6 Individual Principal Components Analysis of four Rhizobium leguminosarum symbiovar 
trifolii genes clustered by MAUI-seq. DNA was isolated from 100 nodules from four points on each individual 
plot. A) rpoB, B) recA, C) nodA and D) nodD. 




Appendix Figure A.7 Individual Principal Components Analysis of four Rhizobium leguminosarum symbiovar 
trifolii genes clustered by DADA2. DNA was isolated from 100 nodules from four points on each individual plot. 
A) rpoB, B) recA, C) nodA and D) nodD. 




Appendix Figure A.8 Individual Principal Components Analysis of four Rhizobium leguminosarum symbiovar 
trifolii genes clustered by UNOISE3. DNA was isolated from 100 nodules from four points on each individual 
plot. A) rpoB, B) recA, C) nodA and D) nodD.  
  246 
 
  
Appendix Figure A.9 FST calculated between samples for individual genes on reads clustered by MAUI-seq. A) 
rpoB, B) recA, C) nodA, and D) nodD. 
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Appendix Figure A.10 FST calculated between samples for individual genes on reads clustered by DADA2. A) 
rpoB, B) recA, C) nodA, and D) nodD. 
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Appendix Figure A.11 FST calculated between samples for individual genes on reads clustered by UNOISE3. A) 
rpoB, B) recA, C) nodA, and D) nodD. 
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Appendix B. Chapter 3 
 
Appendix Table B.1 Number of unique allele sequences identified with MAUI-seq UMI clustering method 
for Rlt genes rpoB, recA, nodA and nodD across all 39 field samples. Global Fixation Index (FST) values for 
each gene individually and in combination was calculated. Global FST values were calculated using the 
FinePop package in R.  




rpoB 16 0.06738746 
recA 8 0.09951743 
nodA 23 0.1093755 
nodD 21 0.07441329 
all genes 68 0.08355223 
 
 
Appendix Table B.2 PERMANOVA results for individual allele abundances for all four Rlt genes combined. 
Pairwise allelic (Bray-Curtis) dissimilarity data was used as input into the analysis. Permutation: Free. 
Number of Permutations: 999. 
 
Df SumsOfSqs MeanSqs F.Model R2 Pr(>F) 
Clover genotype 4 0.93701 0.234254 3.7036 0.37429 0.001 
Plot 5 0.30141 0.060283 0.9531 0.1204 0.517 










Appendix Table B.3 PERMANOVA results for individual allele abundances for rpoB Rlt genes combined. 
Pairwise allelic (Bray-Curtis) dissimilarity data was used as input into the analysis. Permutation: Free. 
Number of Permutations: 999. 
 
Df SumsOfSqs MeanSqs F.Model R2 Pr(>F) 
Clover genotype 4 1.30291 0.32573 5.375 0.46206 0.001 
Plot 5 0.30483 0.06097 1.006 0.10811 0.43 
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Appendix Table B.4 PERMANOVA results for individual allele abundances for recA Rlt genes combined. 
Pairwise allelic (Bray-Curtis) dissimilarity data was used as input into the analysis. Permutation: Free. 
Number of Permutations: 999. 
 
Df SumsOfSqs MeanSqs F.Model R2 Pr(>F) 
Clover genotype 4 0.70817 0.177043 5.2474 0.47824 0.006 
Plot 5 0.09784 0.019568 0.58 0.06607 0.756 










Appendix Table B.5 PERMANOVA results for individual allele abundances for nodA Rlt genes combined. 
Pairwise allelic (Bray-Curtis) dissimilarity data was used as input into the analysis. Permutation: Free. 
Number of Permutations: 999. 
 
Df SumsOfSqs MeanSqs F.Model R2 Pr(>F) 
Clover genotype 4 0.79647 0.199118 2.12257 0.25796 0.022 
Plot 5 0.4149 0.082979 0.88455 0.13438 0.56 










Appendix Table B.6 PERMANOVA results for individual allele abundances for nodD Rlt genes combined. 
Pairwise allelic (Bray-Curtis) dissimilarity data was used as input into the analysis. Permutation: Free. 
Number of Permutations: 999. 
 
Df SumsOfSqs MeanSqs F.Model R2 Pr(>F) 
Clover genotype 4 1.1594 0.28986 2.678 0.29114 0.012 
Plot 5 0.6582 0.13164 1.2162 0.16527 0.295 










Appendix Table B.7 Two-way ANOVA results for clover genotype association with differences in recA 
genospecies relative nodule abundance. 
 
Df SumsOfSqs MeanSqs F value Pr(>F) 
Clover genotype 4 0 0 0 1 
Genospecies 5 15.821 3.164 365.597 0.001 
Clover genotype:Genospecies 20 1.237 0.062 7.144 0.001 




Appendix Table B.8 Two-way ANOVA results for clover genotype association with differences in rpoB 
genospecies relative nodule abundance. 
 
Df SumsOfSqs MeanSqs F value  Pr(>F) 
Clover genotype 4 0 0 0 1 
Genospecies 5 10.479 2.0957 210.43 0.001 
Clover genotype:Genospecies 20 2.042 0.1021 10.25 0.001 




Appendix Table B.9 Linear mixed effects models for rpoB, recA, nodA and nodD. Model formula: allelic dissimilarity ~ geographicdistance + genotypedifference + (1|sample1_genotypeID) 




















 random sample1_genotypeID (Intercept) 0.001119  0.03345 / / / / / 
random sample2_genotypeID (Intercept) 0.008612  0.09280 / / / / / 
random residual 0.021630  0.14707 / / / / / 
fixed intercept / / 0.327651    0.047662    7.891664    6.875 0.000136  
fixed geographicdistance / / 0.003264    0.001128 431.720717    2.894 0.003997  











 random sample1_genotypeID (Intercept) 0.0008145  0.02854 / / / / / 
random sample2_genotypeID (Intercept) 0.0140704  0.11862 / / / / / 
random residual 0.0316484  0.17790 / / / / / 
fixed intercept / / 0.138631    0.058538    7.017869    2.368    0.0496 
fixed geographicdistance / / 0.002929    0.001358 422.511258    2.157    0.0316 











 random sample1_genotypeID (Intercept) 0.0001536  0.01239 / / / / / 
random sample2_genotypeID (Intercept) 0.0031531  0.05615 / / / / / 
random residual 0.0362925  0.19051 / / / / / 
fixed intercept / / 0.4709   0.03352   0.1145   14.046 1.44x10-8 
fixed geographicdistance / / 0.0004928 0.001425   0.03609    0.346    0.7297 











 random sample1_genotypeID (Intercept) 2.737x 10-12  1.654x10-6 / / / / / 
random sample2_genotypeID (Intercept) 0.002871  0.05358 / / / / / 
random residual 0.02682 0.1638 / / / / / 
fixed intercept / / 0.4155   0.03004   0.1041   13.831 4.94x10-8 
fixed geographicdistance / / -0.0004326   0.001213   0.04347   -0.357     0.721 
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Appendix Figure B.1 Explanation example of allelic (Bray-Curtis) dissimilarity heatmaps. a) Samples with 
Rlt diversity that is more genetically similar within clover genotypes than between, b) Samples with Rlt 
diversity that is not associated to clover genotype differences. Bray-Curtis dissimilarity is shown on a scale 
ranging from low (red) to high (white) allelic dissimilarity. 
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Appendix Figure B.2 Pairwise allelic (Bray-Curtis) dissimilarity of 4 Rlt genes. The four genes analysed 
individually were housekeeping genes rpoB and recA, and symbiosis genes nodA and nodD. Samples are 
coloured by the clover genotype host they were isolated from. Bray-Curtis dissimilarity is shown on a scale 
ranging from low (red) to high (white) allelic dissimilarity. Each clover genotype was sampled from 2 plots 
and 3 points were sampled within each plot. Samples are grouped and coloured by their respective clover 
genotype host. 


























































Appendix Figure B.3 Non-metric Multidimensional Scaling analysis of recA allelic dissimilarity with Klondike 
samples included. Two dimensions were specified for the analysis. Samples are grouped by their field plot 
and coloured by the clover genotype they were isolated from. 























































































































































































































































































































































































Appendix Figure B.4 Non-metric multidimensional scaling (NMDS) with intrinsic sequence vector 
variables fitted to NMDS coordinates. Allele sequences are numbered from greatest total abundant in the 
dataset to smallest, and therefore seq_1 in each analysis corresponds to the sequence with the greatest 
total abundance across all samples. Sequences with a fit p < 0.05 are displayed. Length of arrows and 
direction corresponds to scaled correlation coefficient (strong predictors have longer arrows) of fitted 
vectors and direction of vector correlation with NMDS coordinates. 




























































































































































































































































































































































Appendix Figure B.5 Principal Components Analysis (PCA) of relative allele abundance of Rlt genes rpoB, 
recA, nodD, nodA from nodule samples; and all genes in combination (all genes). Additionally, all Klondike 
samples from 3 plots were analysed by PCA using relative abundance of all 4 genes in combination. 
Samples are grouped by their respective plot (n = 3, 2 plots per clover genotype) and coloured by their 
clover genotype host. 








































































































Appendix Figure B.6 Pairwise Fixation index (FST) of 4 Rlt genes; rpoB, recA, nodA and nodD, and all genes 
in combination across samples from Block 1. Additionally, FST was calculated for all pairwise Klondike 
samples from three plots using all 4 genes in combination. FST is shown on a scale ranging from similar 
(red) to different (white) allelic diversity score. Samples are grouped and coloured by their clover 
genotype host.  















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix Figure B.7 Euclidean geographic distance correlated to allelic (Bray-Curtis) dissimilarity. 
Relative abundance UMI sequence counts for nodA and nodD were considered individually, and all four 
genes were considered in combination (rpoB, recA, nodA and nodD). Correlation was calculated using 
Mantel’s R statistic. All samples from Block 1 were used for pairwise comparisons. 
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Appendix Table C.1 Rlt strain metadata. Strain names are provided, along with genospecies classification, 
phylogenetic branch grouping, strain country and farm management origin and experiment sequencing 
batch. DKO = Denmark organic management, DKC = Denmark conventional management, FRC = French 
conventional management, UKC = United Kingdom conventional management. C* = genospecies C strains in 
experimental batch 2 were treated as their own individual group. gsC* strains SM158 and SM170C in batch 
2 were in duplicate (rep1, rep2). 




SM128A A A1 DKO 1 
SM140A A A2 DKO 1 
SM151A A A1 DKO 1 
SM152B A A3 DKO 1 
SM154C A A3 DKO 1 
SM155A A A2 DKO 1 
SM12 B B3 UKC 1 
SM15 B B1 UKC 1 
SM3 B B2 UKC 1 
SM38 B B1 UKC 1 
SM7 B B2 UKC 1 
SM122A C C7 DKO 1 
SM157B C C7 DKO 1 
SM158 C C7 DKO 1 
SM170C C C6 DKO 1 
SM41 C C1 DKC 1 
SM53 C C1 DKC 1 
SM74 C C1 DKC 1 
SM101 C* C5 FRC 2 
SM105 C* C3 FRC 2 
SM107 C* C6 FRC 2 
SM111 C* C6 FRC 2 
SM112 C* C3 FRC 2 
SM113 C* C9 FRC 2 
SM114 C* C9 FRC 2 
SM115 C* C9 FRC 2 
SM116 C* C9 FRC 2 
SM118 C* C1 FRC 2 
SM119 C* C3 FRC 2 
SM121A C* C6 DKO 2 
SM122A C* C7 DKO 2 
SM125 C* C1 DKO 2 
SM126B C* C7 DKO 2 
SM127 C* C1 DKO 2 
SM132 C* C10 DKO 2 
SM134A C* C7 DKO 2 
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SM143 C* C4 DKO 2 
SM147A C* C8 DKO 2 
SM148A C* C7 DKO 2 
SM148B C* C7 DKO 2 
SM149B C* C7 DKO 2 
SM149C C* C7 DKO 2 
SM151C C* C8 DKO 2 
SM153A C* C7 DKO 2 
SM153C C* C7 DKO 2 
SM153D C* C7 DKO 2 
SM157B C* C7 DKO 2 
SM158 rep1 C* C7 DKO 2 
SM158 rep2 C* C7 DKO 2 
SM164A C* C4 DKO 2 
SM165A C* C7 DKO 2 
SM166A C* C8 DKO 2 
SM168C C* C8 DKO 2 
SM170A C* C6 DKO 2 
SM170C rep1 C* C6 DKO 2 
SM170C rep2 C* C6 DKO 2 
SM41 C* C1 DKC 2 
SM42 C* C1 DKC 2 
SM43 C* C1 DKC 2 
SM44 C* C1 DKC 2 
SM46 C* C1 DKC 2 
SM48 C* C6 DKC 2 
SM50 C* C1 DKC 2 
SM53 C* C1 DKC 2 
SM54 C* C1 DKC 2 
SM55 C* C1 DKC 2 
SM59 C* C1 DKC 2 
SM66 C* C1 DKC 2 
SM70 C* C1 DKC 2 
SM71 C* C1 DKC 2 
SM80 C* C1 DKC 2 
SM88 C* C3 FRC 2 
SM89 C* C6 FRC 2 
SM90 C* C9 FRC 2 
SM91 C* C9 FRC 2 
SM94 C* C9 FRC 2 
SM95 C* C3 FRC 2 
SM96 C* C9 FRC 2 
SM97 C* C9 FRC 2 
SM164B D D1 DKO 1 
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SM51 D D1 DKC 1 
SM72 D D2 DKC 1 
SM78 D D2 DKC 1 
SM79 D D1 DKC 1 
SM126A E E2 DKO 1 
SM135B E E3 DKO 1 
SM168A E E2 DKO 1 
 
 
Appendix Table C.2 Number of genes contributing more than they would on average (if all genes 
contributed equally) to Principal Component Analysis (PCA) PCs. If all genes contributed equally to a PC, 
they would each contribute 0.0236% to a PC. PCs were generated based on PoissonSeq normalised Log2 
transformed read counts for 4,229 core genes. 





Number of genes 
contributing more than 
average (average 






average with a 
metacyc ID 
Number of genes 
contributing more 
than average (average 






average with a 
metacyc ID 
PC1 1043 484 842 375 
PC2 1092 498 1104 470 
PC3 1064 496 1121 535 
PC4 902 399 923 440 
PC5 1068 505 1006 484 
PC6 1008 475 770 358 
 
 
Appendix Table C.3 Pearson’s correlation coefficient (R) between WGCNA Rlt core gene module and 
Tryptone Yeast (TY) broth growth condition correlations that remain significant after Benjamini-Hochberg 
correction (adjusted p-value). R correlations and adjusted p-values are shown in Figure 4.3. 
Module TY broth growth condition R p-value adjusted p-value 
Module 24 12.5% TY 28°C 0.628 0.000596 0.03008639 
Module 43 100% TY pH6 0.639 0.000441 0.02503724 
Module 43 100% TY 28°C 0.602 0.00113 0.03930164 
Module 43 25% TY 28°C 0.671 0.000176 0.01371122 
Module 16 100% TY pH5 0.719 0.0000346 0.00539527 
Module 16 100% TY pH6 0.664 0.000218 0.01509472 
Module 16 100% TY 28°C 0.727 0.0000255 0.00531337 
Module 16 12.5% TY 28°C 0.611 0.000914 0.03356538 
Module 16 100% TY 15 °C 0.614 0.000855 0.03335323 
Module 16 100% TY 20°C 0.777 0.00000305 0.00095036 
Module 16 25% TY 28°C 0.672 0.000171 0.01371122 
Module 9 100% TY pH5 -0.687 0.000107 0.01338136 
Module 9 100% TY pH6 -0.657 0.000265 0.01654357 
Module 9 100% TY 28°C -0.617 0.000796 0.03309899 
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Module 9 100% TY 20°C -0.789 0.00000167 0.00095036 
Module 9 25% TY 28°C -0.587 0.00162 0.0480863 
Module 8 25% TY 28°C 0.625 0.000639 0.03008639 
Module 10 6.25% TY 28°C -0.596 0.00132 0.04106391 
Module 20 100% TY pH6 -0.583 0.00178 0.0488946 
Module 20 100% TY 20°C -0.623 0.000675 0.03008639 
Module 20 25% TY 28°C -0.673 0.000166 0.01371122 
Module 28 6.25% TY 28°C -0.582 0.00180 0.0488946 
Module 1 100% TY 20°C -0.597 0.00129 0.04106391 
 
 
Appendix Table C.4 Two-way ANOVA for genospecies eigengene value differences for different modules.  
 
Df Sum Sq Mean Sq F value P-value 
genospecies 4 0.201 0.05016 2.089 0.0802 
module 47 0 0 0 1 
genospecies*module 188 23.602 0.12554 5.23 <2e-16 




Appendix Table C.5 TukeyHSD post hoc for genospecies eigengene value differences for different modules.  
Module Genospecies 
comparison 
diff lwr upr p adj 
3 D - B 0.49323784 0.03391945 0.95255622 0.01138355 
8 C - B -0.485699 -0.9109452 -0.0604528 0.00244247 
8 D - B -0.4776748 -0.9369932 -0.0183564 0.02303441 
9 C – B 0.43835275 0.01310656 0.86359894 0.02765643 
9 D – C -0.4300967 -0.8553429 -0.0048505 0.04033378 
11 D - B -0.5039173 -0.9632357 -0.0445989 0.00685657 
15 C - A 0.47219861 0.06815257 0.87624466 0.00129313 
16 C – A -0.4406899 -0.8447359 -0.0366438 0.00789866 
16 C - B -0.4458662 -0.8711124 -0.02062 0.0193678 
20 C – B 0.5023904 0.07714421 0.92763659 0.00094602 
23 D – B -0.5015916 -0.9609099 -0.0422732 0.00766878 
27 B – A 0.45271656 0.01295269 0.89248043 0.02841528 
27 C – A 0.40498416 0.00093811 0.8090302 0.04786713 
33 D – A -0.5293631 -0.969127 -0.0895992 0.000541 
40 B - A -0.4761462 -0.9159101 -0.0363823 0.00939912 
no module group E - A 0.54254786 0.0290143 1.05608142 0.01641593 
no module group E - D 0.55155966 0.02118447 1.08193484 0.02304465 
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Appendix Table C.6 Dunn’s post hoc for Module 16 mean expression difference between genospecies. P-
value correction using Benjamini-Hochberg. 
Genospecies 
Comparison 
Z Unadjusted p Adjusted p 
A - B 6.32E-02 9.50E-01 0.94960567 
A - C 3.52E+00 4.33E-04 0.00216518 
B - C 3.28E+00 1.04E-03 0.00391648 
A - C* 4.29E+00 1.80E-05 0.00026972 
B - C* 3.86E+00 1.12E-04 0.00084276 
C - C* -3.08E-01 7.58E-01 1 
A - D 5.34E-01 5.93E-01 0.98896279 
B - D 4.51E-01 6.52E-01 0.97830351 
C - D -2.7914693 5.25E-03 0.01311733 
C* - D -3.2494306 1.16E-03 0.00346909 
A - E 0.27061471 7.87E-01 0.98335922 
B - E 0.20961726 8.34E-01 0.96226894 
C - E -2.55988 1.05E-02 0.01963281 
C* - E -2.7791773 5.45E-03 0.01167788 
D - E -0.1807045 8.57E-01 0.91778518 
 
 
Appendix Table C.7 Dunn’s post hoc for Module 9 mean expression difference between genospecies. P-
value correction using Benjamini-Hochberg. 
Genospecies 
Comparison 
Z Unadjusted p  Adjusted p 
A - B 4.55E-01 0.64875666 0.81094583 
A - C -3.55E+00 0.00039084 0.00117251 
B - C -3.84E+00 0.00012281 0.00184218 
A - C* -3.48E+00 0.00050223 0.00125558 
B - C* -3.79E+00 0.00014867 0.00111502 
C - C* 1.21E+00 0.22502589 0.37504315 
A - D 4.03E-01 0.6868121 0.7924755 
B - D -5.01E-02 0.96005999 0.96005999 
C - D 3.79E+00 0.00015287 0.00076437 
C* - D 3.73E+00 0.00019516 0.00073187 
A - E -3.45E-01 0.72989362 0.78202888 
B - E -7.12E-01 0.47647973 0.71471959 
C - E 2.51E+00 0.01223683 0.02622178 
C* - E 2.10E+00 0.03532659 0.06623736 








Appendix Table C.8 Linear mixed effects model for gene expression level of core and accessory genes. Expression levels were log transformed and PoissonSeq normalised read counts. 
















random geneID (Intercept) 4.83723   2.1994 / / / / / 
random strainID (Intercept) 0.05617   0.2370 / / / / / 
random Residual 0.66190   0.8136 / / / / / 
fixed Intercept / / 5.986   0.03098 0.01914   193.19    <0.0001 




Appendix Table C.9 Dunn’s post hoc test for accessory genome size differences between genospecies. P-























Z Unadjusted p Adjusted p 
A – B  -2.6690262 7.61E-03 0.01901788 
A – C  -4.1982506 2.69E-05 0.00020174 
B – C  -1.2288065 2.19E-01 0.29883325 
A – C* -4.2554381 2.09E-05 0.00031296 
B – C* -0.439691 6.60E-01 0.70731531 
C – C* 1.2904744 1.97E-01 0.29532899 
A – D  -0.8511676 3.95E-01 0.49334533 
B – D  1.7404671 8.18E-02 0.15333194 
C – D  3.1087258 1.88E-03 0.0093948 
C* - D  2.8060125 5.02E-03 0.01504762 
A – E  -0.5459723 5.85E-01 0.67509803 
B – E  1.6844042 9.21E-02 0.15350598 
C – E  2.8252827 4.72E-03 0.0177146 
C* - E  2.4259495 1.53E-02 0.03271799 
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Appendix Figure C.1 Optimisation of raw gene expression count normalisation methods. DESeq2, TMM and PoissonSeq were tested. Total raw core gene counts for each 
sample correlated to eigengene values calculated using normalised DESeq2/TMM/PoissonSeq normalised, log transformed counts. The final column shows eigengene 
values calculated using PoissonSeq normalised counts once 4 identified outliers are removed. 3 subsets of 400 random core genes were selected to represent the 
normalisation across the 4,229 core gene expression data. Eigengenes for each subset were calculated for each strain. Eigengenes were calculated using the expression 
data normalised by one of the three methods, and then log transformed. Strains are coloured by their genospecies. The dataset contained two sample batches. The first 
















































































































































































Total normalised core gene counts for each sample

















































Appendix Figure C.2 Optimisation of raw gene expression count normalisation methods. DESeq2, TMM and PoissonSeq were tested. Total normalised core gene counts for 
each sample correlated to eigengene values calculated using normalised DESeq2/TMM/PoissonSeq normalised, log transformed counts. The final column shows eigengene 
values calculated using PoissonSeq normalised counts once 4 identified outliers are removed. 3 subsets of 400 random core genes were selected to assess the 
normalisation across the 4229 core gene expression data. Eigengenes for each subset were calculated for each strain. Eigengenes were calculated using the expression data 
that was normalised using one of the three methods, and then log transformed. Strains are coloured by their genospecies. The dataset contained two sample batches. The 
first batch has the following number of samples; gsA = 6, gsB = 5, gsC = 7, gsD = 5, gsE = 3. The second batch contains the following number of samples; gsC* = 59 + 2 
biological duplicates. 
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● gsC dataset removed
No outliers removed
Top 2 outliers removed
Top 4 outliers removed
Appendix Figure C.3 Evaluation of PoissonSeq normalisation after sample removal. Total raw core gene counts for each sample correlated to eigengene values calculated 
using PoissonSeq normalised, log transformed counts. PoissonSeq normalisation was further tested to evaluate how removal of gsC samples and 2-4 outliers affected 
normalisation and therefore distribution of samples from the first dataset containing multiple genospecies samples. 3 subsets of 400 random core genes were selected to 
assess the normalisation across the 4229 core gene expression data. Eigengenes for each subset were calculated for each strain. Eigengenes were calculated using the 
expression data that was PoissonSeq normalised after the second batch of gsC samples were removed, no outliers were removed (control) and 2-4 outliers were removed. 
Strains are coloured by their genospecies. The dataset contained two sample batches. The first batch has the following number of samples; gsA = 6, gsB = 5, gsC = 7, gsD = 

























































































Total normalised core gene counts for each sample










































● gsC dataset removed
No outliers removed
Top 2 outliers removed
Top 4 outliers removed
Appendix Figure C.4 Evaluation of PoissonSeq normalisation after sample removal. Total normalised core gene counts for each sample correlated to eigengene values 
calculated using PoissonSeq normalised, log transformed counts. PoissonSeq normalisation was further tested to evaluate how removal of gsC samples and 2-4 outliers 
affected normalisation and therefore distribution of samples from the first dataset containing multiple genospecies samples. Eigengenes were calculated using the 
expression data that was PoissonSeq normalised after the second batch of gsC samples were removed, no outliers were removed (control) and 2-4 outliers were removed. 
3 subsets of 400 random core genes were selected to assess the normalisation across the 4229 core gene expression data. Eigengenes for each subset were calculated for 
each strain. Strains are coloured by their genospecies. The dataset contained two sample batches. The first batch has the following number of samples; gsA = 6, gsB = 5, gsC 
= 7, gsD = 5, gsE = 3. The second batch contains the following number of samples; gsC = 59 + 2 biological duplicate. 
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Appendix Figure C.5 Correlation of PoissonSeq normalised log transformed core gene counts for 
biological replicates of Rlt strains a) SM158 (gsC) and b) SM170C (gsC). c) Correlation of pairwise average 
nucleotide identity (ANI) values generated from 282 core genes from all 196 NCHAIN strains and 6529 
genes present in at least 100 out of 196 NCHAIN strains. d) The number of shared orthologous genes 
between pairwise strain comparisons correlated to number of differentially expressed genes between 
pairwise strain comparisons. Genes were identified as differentially expressed if they had a GFOLD 
change of more than ±2. (Continued on following page).  
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Appendix Figure C.5 continued. e) Correlating average nucleotide identity (ANI) based on 6,529 genes against z-
scores for the Euclidean distance of number of shared orthologous gene groups (genes shared between strains) 
and z-scores for Euclidean distance of gene expression distance. Expression distance was calculated using only 
genes that were identified with a GFOLD > ±2 in at least one pairwise comparison. Red line displays the rolling 
average (n=100) for DEGs number. Blue line displays the rolling average (n=100) for number of shared 
orthologous gene groups. Red and dark blue dots highlight the strain comparisons which are biological 
replicates for number of core DEGs and number of shared orthologous gene groups, respectively. f) The number 
of Rlt NCHAIN genomes containing gene (196 maximum) correlated to median PoissonSeq normalised log 
transformed expression counts for gene in 85 strain samples. Pearson’s Correlation Coefficient: R = 0.415, p < 
0.0001. 
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Appendix Figure C.6 WGCNA module and meta-module detection. a) Soft threshold power optimisation using 
scale independence and mean connectivity. b) WGCNA module detection using gene connectivity cluster 
dendrogram and height dendrogram tree cutting threshold. Clustering dendrogram. c) Meta-module detection 
using module eigengene clustering by correlation. 
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Appendix Figure C.7 Growth (OD600) 26 Rlt strains in 200µl 100% Tryptone Yeast (TY) broth at 28°C after 
48 hours correlated to growth (OD600) of strains when grown for transcriptome analysis at the point of 
RNA stabilisation (48 hours). For transcriptome analysis, strains were grown in 5ml 100% TY broth + 1µM 
7,4’-dihydroxyflavone (clover flavonoid stock concentration solubilised in DMSO) for 48 hours, 28°C, 180 
rpm. Pearson’s Correlation Coefficient: R = 0.55, p-value < 0.01. 























































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix Figure C.8 PCA of 4,229 core genes expression for 26 Rlt strains displaying a) principal components 3 
and 4 and b) principal components 5 and 6. c) Core gene expression average linkage hierarchical clustering 
based on Euclidean distances calculated from Log2(n+1) transformed normalised core gene expression values 
for all 85 Rlt samples. Additionally, PCA analysis of 4,229 core genes expression for 59 gsC strains (plus 2 
strains in duplicate) displaying d) principal components 3 and 4 and e) principal components 5 and 6. Strains 
are coloured by their genospecies grouping in a), b) and c) and by their gsC phylogenetic subbranch for d) to 
e). 






































































































































































































































































































































































































































































































































































































































































Appendix Figure C.9 Scaled, normalised Log2(n+1) transformed gene expression counts for genes in a) Module 
16 and b) Module 9. Strains are ordered and coloured by genospecies. gsC* = 59 strains. The growth of strains 
in 100% TY broth (OD600) is displayed by increasing grey-scale colour intensity. 
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b) Module 9a) Module 16
Appendix Figure C.10 a) A significant positive correlation was observed between growth of strains in TY broth 
and the mean expression of genes in Module 16 (Pearson’s correlation: R =0.26, p< 0.05). b) A significant 
negative correlation observed between growth of strains in TY broth and mean expression of genes in Module 
9 (Pearson’s correlation R = -0.42, p < 0.001). Linear model line and Pearson’s Correlation Coefficient excludes 
outliers identified as growth less than 0.3 OD600. 
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Appendix Figure D.1 Correlation between gsB adjacent genes intergenic distance and Pearson’s correlation R 
statistic value. Intergenic distance axis is presented on a log10 scale. To log the intergenic distance axes, first a 
constant was added to all intergenic distance values of the absolute value of the most negative intergenic 
distance measure (for gsB this was 55 bp) plus 1, so that all distances were above 1 for log transformation of 
the axis. 



















Appendix Figure D.2 Correlation between gsB adjacent genes intergenic distance and deviance score. 
Intergenic distance and deviance score axes are presented on a log10 scale. To log the intergenic distance 
axes, first a constant was added to all intergenic distance values of the absolute value of the most negative 
intergenic distance measure (for gsB this was 55 bp) plus 1, so that all distances were above 1 for log 
transformation of the axis. 
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Appendix Figure D.3 Distribution of gene pairs with negative intergenic distances (overlapping gene pairs) 
for, a) genospecies A, b) genospecies B, c) genospecies C, d) genospecies D, e) genospecies E. 
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Appendix Figure D.4 Genospecies A transcriptional units generated using the following filtering 
parameters: R correlation > 0.8, deviance < 3, intergenic distance < 200 bp, must be adjacent gene pair in at 
least 3 strains. Nodes are genes colour coded by: Blue = core, Purple = accessory, Pink = genospecies 
enriched, Green = symbiosis. Edge colour increases from blue to purple with increased gene expression 
correlation between adjacent pairs. Edge thickness increases with decreasing deviance score. ▲ Indicates 
the nodABCIJ operon. 
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▲
Appendix Figure D.5 Genospecies C transcriptional units generated using the following filtering parameters: 
R correlation > 0.8, deviance < 3, intergenic distance < 200 bp, must be adjacent gene pair in at least 3 
strains. Nodes are genes colour coded by: Blue = core, Purple = accessory, Pink = genospecies enriched, 
Green = symbiosis. Edge colour increases from blue to purple with increased gene expression correlation 
between adjacent pairs. Edge thickness increases with decreasing deviance score. *identifies the 
rhizosphere induced operon (rhiABC). ▲ Indicates the nodABCIJ operon. 
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Appendix Figure D.6 Genospecies D transcriptional units generated using the following filtering 
parameters: R correlation > 0.8, deviance < 3, intergenic distance < 200 bp, must be adjacent gene pair in at 
least 3 strains. Nodes are genes colour coded by: Blue = core, Purple = accessory, Pink = genospecies 
enriched, Green = symbiosis. Edge colour increases from blue to purple with increased gene expression 
correlation between adjacent pairs. Edge thickness increases with decreasing deviance score. ▲ Indicates 
the nodABCIJ operon. 
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Appendix Figure D.7 Genospecies E transcriptional units generated using the following filtering 
parameters: R correlation > 0.8, deviance < 3, intergenic distance < 200 bp, must be adjacent gene pair in 
at least 3 strains. Nodes are genes colour coded by: Blue = core, Purple = accessory, Pink = genospecies 
enriched, Green = symbiosis. Edge colour increases from blue to purple with increased gene expression 
correlation between adjacent pairs. Edge thickness increases with decreasing deviance score. ▲ Indicates 
the nodABCIJ operon. 
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Appendix Figure D.8 Distribution of transcriptional unit size for 94 cross-genospecies conserved 
transcriptional units. The number of transcriptional units made up of n number of genes across all 5 
genospecies.  
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Appendix Figure E.1 Growth curves of strains 24 Rhizobium leguminosarum symbiovar trifolii strains grown in each 
other’s supernatants in pairwise combinations. Data was grouped by genospecies and farm treatment categories. 
Strains were additionally grown in 100% and 50% Tryptone Yeast (TY) broth as controls.  Optical density (OD600) of 
strains was measured for 62 hours, and values were normalized by subtracting the 0 h time point optical density. 
Error bars represent one standard error of the mean. OA = organic genospecies A (n = 6, blue), OC = organic 
genospecies C (n =7, dark green), OE = organic genospecies E (n = 4, pink), and CC = conventional genospecies C (n 
= 6, light green). 
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Appendix Figure E.2 Optical density of strain inocula used for liquid culture spotting compared to inhibition 
zone diameter produced from culture spot on soft lawns of all other strains. Inhibition zone diameter was 
calculated by deducting the Feret diameter of the culture spot from the Feret diameter of the inhibition zone. 
Points are coloured by the genospecies grouping of the inoculum strain.  
 
























































Appendix Figure E.3 a) Correlation between the diameter of the inhibition zone (mm) and the diameter of the 
liquid culture spot (mm) after 72 hours growth. b) Correlation between the diameter of the inhibition zone (mm) 
and the diameter of the liquid culture spot (mm) after 72 hours growth after removal of liquid culture spots with a 
diameter of less than 1 mm. 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix Figure E.4 Metabolic capacity of 23 Rhizobium leguminosarum symbiovar trifolii strains on 31 single substrate growth treatments. Ability to metabolise substrates 
was determined using Biolog Ecoplates and measuring OD590 nm of tetrazolium dye in each well. OD590 nm values were normalised by subtracting control well OD (water) from 
the substrate well OD after 72 hours growth. Values of 0.00 OD590 nm or less were identified as no observable substrate metabolism (red), values of more than 0.00 OD590 nm 
were considered to have putative capacity to metabolise the substrate (blue). 
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Appendix Figure E.5 a) Distribution of the Relative Growth Index of all strains grown in each other’s 
supernatants. Relative growth index is calculated as described in the methods. b) ANI of interacting strains 
correlated to relative growth index (RGI) distance from 1 (neutral interaction) of strain grown in other strain’s 
supernatant (Simple linear model with robust standard errors: CoeffANI  = -0.64755, std. error = 0.14621, t = -
4.4291, p < .001) 



















Appendix Figure E.6 Relative growth indices (RGIs) of Rhizobium leguminosarum symbiovar trifolii strains 
inoculated into each other’s supernatants. RGIs calculation is displayed in the methods by comparing a strains 
growth in another strain’s supernatant relative to its growth in 50% Tryptone Yeast (TY) broth.  Supernatant 
growth treatments constituted of Rhizobium strain supernatant and an equal volume of 100% Tryptone Yeast 
Broth (TY). OA = organic genospecies A, OC = organic genospecies C, OE = organic genospecies E, and CC = 
conventional genospecies C. 






Appendix Figure E.7 Principal Components analysis for metabolic utilization of each individual single substrate 
Ecoplate treatments by 23 Rlt strains. a) points each represent a Rhizobium strain and is coloured and grouped 
by genospecies group. PC1 accounted for 38.9% of the variance, and PC2 explained for 23.6% of the variance. 
b) The association of the variables to the first two principle components, which are coloured by percentage 
contribution of each specific variable to the first two principle components. OA = organic genospecies A, OC = 
organic genospecies C, OE = organic genospecies E, and CC = conventional genospecies C. 
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Appendix Table E.1 Linear mixed effects models for supernatant indirect inhibition assay.  Model formula: Mean Relative Growth Index ~ inoculant group * supernatant 




























 random Inoculant strain 
(Intercept) 
0.010893 0.10437 / / / / / 
random Supernatant strain 
(Intercept) 
0.007039 0.08390 / / / / / 
random Residual 0.008800 0.09381 / / / / / 
fixed Intercept / / 0.968512    0.057290   50.202794   16.905   < 2e-16 *** 
fixed InocOC / / 0.070689    0.062247   29.375171    1.136 0.265290 
fixed InocOE / / 0.208752    0.067683   29.260421    3.084 0.004426 ** 
fixed InocCC / / 0.074302    0.064567   29.322551    1.151 0.259127 
fixed SupOC / / -0.111758    0.051786   32.171426   -2.158 0.038488 * 
fixed SupOE / / -0.382209    0.056283   31.990536   -6.791 1.13e-07 *** 
fixed SupCC / / -0.006766    0.053705   32.088460   -0.126 0.900528 
fixed InocOC:SupOC / / 0.103648    0.030363 505.043471    3.414 0.000693 *** 
fixed InocOE:SupOC / / 0.039788    0.032367 505.043471    1.229 0.219540 
fixed InocCC:SupOC / / 0.005379    0.030933 505.043471    0.174 0.862029 
fixed InocOC:SupOE / / 0.247622    0.032367 505.043471    7.650 1.02e-13 *** 
fixed InocOE:SupOE / / 0.219678    0.036332 505.043471    6.046 2.88e-09 *** 
fixed InocCC:SupOE / / 0.253220    0.033533 505.043471    7.551 2.03e-13 *** 
fixed InocOC:SupCC / / 0.040557    0.030933 505.043471    1.311 0.190414 
fixed InocOE:SupCC / / 0.013217    0.033533 505.043471    0.394 0.693638 
fixed InocCC:SupCC / / -0.003805    0.032796 505.043471   -0.116 0.907690 
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Appendix Table E.2 Estimated marginal means of genospecies supernatant effects on genospecies inoculant growth. Estimates are calculated based on the full model 
Filter by sup-genospecies contrast estimate      SE    df  lower.CL  upper.CL  t.ratio  p.value 
OA Sup-OA - Sup-OC 0.11176 0.0555 37.2 -0.03745 0.261 2.014 0.2012 
Sup-OA - Sup-OE 0.38221 0.0603 37 0.21997 0.5444 6.336 <.0001 
Sup-OA - Sup-CC 0.00677 0.0576 37.1 -0.14801 0.1615 0.118 0.9994 
Sup-OC-Sup-OE 0.27045 0.0579 35.9 0.11442 0.4265 4.669 0.0002 
Sup-OC - Sup-CC -0.10499 0.055 35.9 -0.25325 0.0433 -1.908 0.243 
Sup-OE - Sup-CC -0.37544 0.0599 35.9 -0.5368 -0.2141 -6.267 <.0001 
OC Sup-OA - Sup-OC 0.00811 0.0547 35 -0.13946 0.1557 0.148 0.9988 
Sup-OA - Sup-OE 0.13459 0.0592 34.2 -0.02539 0.2946 2.272 0.1248 
Sup-OA - Sup-CC -0.03379 0.0565 34.2 -0.18632 0.1187 -0.598 0.9319 
Sup-OC - Sup-OE 0.12648 0.0576 34.9 -0.02878 0.2817 2.197 0.1439 
Sup-OC - Sup-CC -0.0419 0.0547 35 -0.18947 0.1057 -0.766 0.8693 
Sup-OE - Sup-CC -0.16838 0.0592 34.2 -0.32836 -0.0084 -2.842 0.036 
OE Sup-OA - Sup-OC 0.07197 0.0559 38.4 -0.07806 0.222 1.288 0.5759 
Sup-OA - Sup-OE 0.16253 0.0615 40.5 -0.00235 0.3274 2.641 0.0546 
Sup-OA - Sup-CC -0.00645 0.058 38.4 -0.16215 0.1492 -0.111 0.9995 
Sup-OC - Sup-OE 0.09056 0.0596 40.6 -0.06898 0.2501 1.52 0.435 
Sup-OC - Sup-CC -0.07842 0.0559 38.4 -0.22845 0.0716 -1.404 0.5049 
Sup-OE - Sup-CC -0.16898 0.0615 40.5 -0.33386 -0.0041 -2.746 0.0427 
CC Sup-OA - Sup-OC 0.10638 0.055 35.9 -0.04187 0.2546 1.933 0.2327 
Sup-OA - Sup-OE 0.12899 0.0599 35.9 -0.03237 0.2903 2.153 0.1561 
Sup-OA - Sup-CC 0.01057 0.0576 37.1 -0.1442 0.1653 0.184 0.9978 
Sup-OC - Sup-OE 0.02261 0.0579 35.9 -0.13342 0.1786 0.39 0.9795 
Sup-OC - Sup-CC -0.09581 0.0555 37.2 -0.24502 0.0534 -1.727 0.3247 
Sup-OE - Sup-CC -0.11842 0.0603 37 -0.28066 0.0438 -1.963 0.2203 
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Appendix Table E.3 Estimated marginal means of genospecies inoculant growth under different genospecies  supernatant treatments. Estimates are calculated based on the 
full model 
Filter by inoc-genospecies contrast estimate      SE    df  lower.CL  upper.CL  t.ratio  p.value 
OA Sup-OA - Sup-OC   0.11176 0.0555 37.2 -0.03745 0.261 2.014 0.2012 
Sup-OA - Sup-OE   0.38221 0.0603 37 0.21997 0.5444 6.336 <.0001 
Sup-OA - Sup-CC 0.00677 0.0576 37.1 -0.14801 0.1615 0.118 0.9994 
Sup-OC - Sup-OE 0.27045 0.0579 35.9 0.11442 0.4265 4.669 0.0002 
Sup-OC - Sup-CC -0.10499 0.055 35.9 -0.25325 0.0433 -1.908 0.243 
Sup-OE - Sup-CC -0.37544 0.0599 35.9 -0.5368 -0.2141 -6.267 <.0001 
OC Sup-OA - Sup-OC 0.00811 0.0547 35 -0.13946 0.1557 0.148 0.9988 
Sup-OA - Sup-OE 0.13459 0.0592 34.2 -0.02539 0.2946 2.272 0.1248 
Sup-OA - Sup-CC -0.03379 0.0565 34.2 -0.18632 0.1187 -0.598 0.9319 
Sup-OC - Sup-OE 0.12648 0.0576 34.9 -0.02878 0.2817 2.197 0.1439 
Sup-OC - Sup-CC -0.0419 0.0547 35 -0.18947 0.1057 -0.766 0.8693 
Sup-OE - Sup-CC -0.16838 0.0592 34.2 -0.32836 -0.0084 -2.842 0.036 
OE Sup-OA - Sup-OC 0.07197 0.0559 38.4 -0.07806 0.222 1.288 0.5759 
Sup-OA - Sup-OE 0.16253 0.0615 40.5 -0.00235 0.3274 2.641 0.0546 
Sup-OA - Sup-CC -0.00645 0.058 38.4 -0.16215 0.1492 -0.111 0.9995 
Sup-OC - Sup-OE 0.09056 0.0596 40.6 -0.06898 0.2501 1.52 0.435 
Sup-OC - Sup-CC -0.07842 0.0559 38.4 -0.22845 0.0716 -1.404 0.5049 
Sup-OE - Sup-CC -0.16898 0.0615 40.5 -0.33386 -0.0041 -2.746 0.0427 
CC Sup-OA - Sup-OC 0.10638 0.055 35.9 -0.04187 0.2546 1.933 0.2327 
Sup-OA - Sup-OE 0.12899 0.0599 35.9 -0.03237 0.2903 2.153 0.1561 
Sup-OA - Sup-CC 0.01057 0.0576 37.1 -0.1442 0.1653 0.184 0.9978 
Sup-OC - Sup-OE 0.02261 0.0579 35.9 -0.13342 0.1786 0.39 0.9795 
Sup-OC - Sup-CC -0.09581 0.0555 37.2 -0.24502 0.0534 -1.727 0.3247 
Sup-OE - Sup-CC -0.11842 0.0603 37 -0.28066 0.0438 -1.963 0.2203 
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Appendix Table E.4 Linear mixed effects models for supernatant indirect inhibition assay, with strains SM154C and SM168A removed.  Model formula: Mean Relative Growth 












































 random Inoculant strain 
(Intercept) 
0.005460  0.07389 / / / / / 
random Supernatant strain 
(Intercept) 
0.004472  0.06687 / / / / / 
random Residual 0.005380  0.07335 / / / / / 
fixed Intercept / / 0.95298     0.04749   49.78721   20.067   < 2e-16 *** 
fixed InocOC / / 0.04985     0.04790   29.84159    1.041   0.30640 
fixed InocOE / / 0.12176     0.05473   29.51277    2.225   0.03389 * 
fixed InocCC / / 0.06182     0.04950   29.75175    1.249   0.22147 
fixed SupOC / / -0.04500     0.04422   31.52945   -1.017   0.31670 
fixed SupOE / / -0.37603     0.05050   31.12300   -7.446 2.13e-08 *** 
fixed SupCC / / 0.05627     0.04569   31.41836    1.231   0.22728 
fixed InocOC:SupOC / / 0.07326     0.02654 419.05229    2.760   0.00603 ** 
fixed InocOE:SupOC / / 0.02403     0.02973 419.05229    0.808   0.41934 
fixed InocCC:SupOC / / -0.03337     0.02702 419.05229   -1.235   0.21757 
fixed InocOC:SupOE / / 0.27146     0.02973 419.05229    9.131   < 2e-16 *** 
fixed InocOE:SupOE / / 0.32202     0.03543 419.05229    9.089   < 2e-16 *** 
fixed InocCC:SupOE / / 0.27555     0.03068 419.05229    8.980   < 2e-16 *** 
fixed InocOC:SupCC / / 0.01389     0.02702 419.05229    0.514   0.60742 
fixed InocOE:SupCC / / -0.04022     0.03068 419.05229   -1.311   0.19061 
fixed InocCC:SupCC / / -0.03882     0.02841 419.05229   -1.367   0.17246 
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Appendix Table E.5 Linear mixed effects models for spot plating direct inhibition assay.  Model formula: Mean inhibition zone diameter ~ inoculant group * supernatant 









Effect Variable Variance Std. 
Dev 




















 random Spot strain 
(Intercept) 
0.1207    0.3474 / / / / / 
random Soft strain 
(Intercept) 
8.2418    2.8709 / / / / / 
random Residual 2.2852    1.5117 / / / / / 
fixed Intercept / / 3.4994      1.2072   26.3757    2.899   0.00745 ** 
fixed SpotOC / / 3.2443      0.3940 115.5787    8.234 3.12e-13 *** 
fixed SpotOE / / 4.2026      0.4288 115.5787    9.800   < 2e-16 *** 
fixed SpotCC / / 2.0357      0.4089 115.5787    4.979 2.26e-06 *** 
fixed SoftOC / / -3.4994      1.6337   25.6712   -2.142   0.04185 * 
fixed SoftOE / / -3.4994      1.7781   25.6712   -1.968   0.05995 
fixed SoftCC / / -3.4994      1.6954   25.6712   -2.064   0.04925 * 
fixed SpotOC:SoftOC / / -3.2443      0.4679 528.9775   -6.934 1.20e-11 *** 
fixed SpotOE:SoftOC / / -4.2026      0.5093 528.9775   -8.252 1.25e-15 *** 
fixed SpotCC:SoftOC / / -2.0357      0.4856 528.9775   -4.192 3.24e-05 *** 
fixed SpotOC:SoftOE / / -2.9500      0.5093 528.9775   -5.793 1.19e-08 *** 
fixed SpotOE:SoftOE / / -3.9534      0.5543 528.9775   -7.132 3.26e-12 *** 
fixed SpotCC:SoftOE / / -1.6708      0.5285 528.9775   -3.161   0.00166 ** 
fixed SpotOC:SoftCC / / -3.2443      0.4856 528.9775   -6.681 6.01e-11 *** 
fixed SpotOE:SoftCC / / -3.9154      0.5285 528.9775   -7.408 5.08e-13 *** 
fixed SpotCC:SoftCC / / -2.0357      0.5039 528.9775   -4.040 6.14e-05 *** 
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Appendix Table E.6 Estimated marginal means of genospecies soft agar treatment effect on inhibition zone formation by different genospecies spotted inoculants. Estimates 
are calculated based on the full model 
Filter by soft-genospecies contrast estimate      SE    df  lower.CL  upper.CL  t.ratio  p.value 
OA I-OA - I-OC -3.2443 0.409 132 -4.307 -2.181 -7.942 <.0001 
I-OA - I-OE -4.2026 0.445 132 -5.36 -3.046 -9.452 <.0001 
I-OA - I-CC -2.0357 0.424 132 -3.139 -0.933 -4.802 <.0001 
I-OC - I-OE -0.9583 0.43 132 -2.077 0.16 -2.229 0.1208 
I-OC - I-CC 1.2086 0.409 132 0.146 2.272 2.958 0.019 
I-OE - I-CC 2.1669 0.445 132 1.01 3.324 4.874 <.0001 
OC I-OA - I-OC 0 0.387 108 -1.01 1.01 0 1 
I-OA - I-OE 0 0.421 108 -1.099 1.099 0 1 
I-OA - I-CC 0 0.402 108 -1.048 1.048 0 1 
I-OC - I-OE 0 0.407 108 -1.063 1.063 0 1 
I-OC - I-CC 0 0.387 108 -1.01 1.01 0 1 
I-OE - I-CC 0 0.421 108 -1.099 1.099 0 1 
OE I-OA - I-OC -0.2942 0.437 167 -1.428 0.84 -0.673 0.907 
I-OA - I-OE -0.2492 0.476 167 -1.483 0.985 -0.524 0.9532 
I-OA - I-CC -0.3649 0.453 167 -1.541 0.812 -0.805 0.852 
I-OC - I-OE 0.045 0.46 167 -1.148 1.238 0.098 0.9997 
I-OC - I-CC -0.0707 0.437 167 -1.204 1.063 -0.162 0.9985 
I-OE - I-CC -0.1157 0.476 167 -1.35 1.118 -0.243 0.9949 
CC I-OA - I-OC 0 0.409 132 -1.063 1.063 0 1 
I-OA - I-OE -0.2872 0.445 132 -1.444 0.87 -0.646 0.9168 
I-OA - I-CC 0 0.424 132 -1.103 1.103 0 1 
I-OC - I-OE -0.2872 0.43 132 -1.406 0.832 -0.668 0.9089 
I-OC - I-CC 0 0.409 132 -1.063 1.063 0 1 
I-OE - I-CC 0.2872 0.445 132 -0.87 1.444 0.646 0.9168 
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Appendix Table E.7 Estimated marginal means of genospecies spotted inoculant inhibition zone formation on different genospecies soft agar treatments. Estimates are 
calculated based on the full model 
Filter by inoc-genospecies contrast estimate      SE    df  lower.CL  upper.CL  t.ratio  p.value 
OA Soft-OA - Soft-OC 3.499 1.78 30.8 -1.346 8.34 1.961 0.2247 
Soft-OA - Soft-OE 3.499 1.94 30.8 -1.774 8.77 1.802 0.2919 
Soft-OA - Soft-CC 3.499 1.85 30.8 -1.529 8.53 1.89 0.2533 
Soft-OC - Soft-OE 0 1.88 30.8 -5.1 5.1 0 1 
Soft-OC - Soft-CC 0 1.78 30.8 -4.846 4.85 0 1 
Soft-OE - Soft-CC 0 1.94 30.8 -5.274 5.27 0 1 
OC Soft-OA - Soft-OC 6.744 1.78 30.4 1.908 11.58 3.789 0.0036 
Soft-OA - Soft-OE 6.449 1.94 30.4 1.186 11.71 3.329 0.0116 
Soft-OA - Soft-CC 6.744 1.85 30.4 1.725 11.76 3.651 0.0051 
Soft-OC - Soft-OE -0.294 1.87 30.4 -5.384 4.8 -0.157 0.9986 
Soft-OC - Soft-CC 0 1.78 30.4 -4.836 4.84 0 1 
Soft-OE - Soft-CC 0.294 1.94 30.4 -4.969 5.56 0.152 0.9987 
OE Soft-OA - Soft-OC 7.702 1.79 31.3 2.843 12.56 4.3 0.0009 
Soft-OA - Soft-OE 7.453 1.95 31.3 2.164 12.74 3.823 0.0031 
Soft-OA - Soft-CC 7.415 1.86 31.3 2.372 12.46 3.989 0.002 
Soft-OC - Soft-OE -0.249 1.89 31.3 -5.363 4.86 -0.132 0.9992 
Soft-OC - Soft-CC -0.287 1.79 31.3 -5.146 4.57 -0.16 0.9985 
Soft-OE - Soft-CC -0.038 1.95 31.3 -5.327 5.25 -0.019 1 
CC Soft-OA - Soft-OC 5.535 1.78 30.8 0.69 10.38 3.102 0.0203 
Soft-OA - Soft-OE 5.17 1.94 30.8 -0.104 10.44 2.662 0.0563 
Soft-OA - Soft-CC 5.535 1.85 30.8 0.507 10.56 2.989 0.0266 
Soft-OC - Soft-OE -0.365 1.88 30.8 -5.465 4.73 -0.194 0.9973 
Soft-OC - Soft-CC 0 1.78 30.8 -4.846 4.85 0 1 
Soft-OE - Soft-CC 0.365 1.94 30.8 -4.909 5.64 0.188 0.9976 
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Appendix Table E.8 Linear mixed effects models for spot plating direct inhibition assay with OA strains SM144A, SM154C and SM145B removed.  Model formula: Mean 









Effect Variable Variance Std. 
Dev 





































 random Spot strain 
(Intercept) 
0.0000    0.0000 / / / / / 
random Soft strain 
(Intercept) 
3.9822    1.9955 / / / / / 
random Residual 0.4959    0.7042 / / / / / 
fixed Intercept / / 2.23290     1.01318   23.12783    2.204   0.03776 * 
fixed SpotOC / / 0.71154     0.22069 462.00000    3.224   0.00135 ** 
fixed SpotOE / / 2.11815     0.23619 462.00000    8.968   < 2e-16 *** 
fixed SpotCC / / 0.31570     0.22728 462.00000    1.389   0.16548 
fixed SoftOC / / -2.23290     1.27009   23.12784   -1.758   0.09197 
fixed SoftOE / / -2.23290     1.35932   23.12784   -1.643   0.11398 
fixed SoftCC / / -2.23290     1.30801   23.12784   -1.707   0.10120 
fixed SpotOC:SoftOC / / -0.71154     0.27664 462.00000   -2.572   0.01042 * 
fixed SpotOE:SoftOC / / -2.11815     0.29608 462.00000   -7.154 3.33e-12 *** 
fixed SpotCC:SoftOC / / -0.31570     0.28490 462.00000   -1.108   0.26840 
fixed SpotOC:SoftOE / / -0.41731     0.29608 462.00000   -1.409   0.15938 
fixed SpotOE:SoftOE / / -1.86894     0.31688 462.00000   -5.898 7.12e-09 *** 
fixed SpotCC:SoftOE / / 0.04923     0.30492 462.00000    0.161   0.87180 
fixed SpotOC:SoftCC / / -0.71154     0.28490 462.00000   -2.497   0.01285 * 
fixed SpotOE:SoftCC / / -1.83093     0.30492 462.00000   -6.005 3.89e-09 *** 
fixed SpotCC:SoftCC / / -0.31570     0.29341 462.00000   -1.076   0.28250 
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Appendix Table E.9 PERMANOVA of strains’ metabolic capacity for 6 resource type groups based on 
average well colour development of 31 single substrate growth treatments. Genospecies groups correspond 
to OA, OC, OE and CC. 
 
Df SumsOfSqs MeanSqs F.Model R2 Pr(>F) 
Genospecies group 3 0.12932 0.043108 3.8293 0.3768 0.006 
Residuals 19 0.21389 0.011257 0.6232 
  
Total 22 0.34321 1 
   
 
 
Appendix Table E.10 The number of secondary metabolite biosynthesis gene clusters identified in 24 
Rhizobium leguminosarum symbiovar trifolii strains. antiSMASH was used to identify the gene clusters, and 
putative clusters were only counted if gene cluster regions contained at least 2 identifiable metabolite 
biosynthesis related genes. The strain can be divided into 4 genospecies/environmental origin groups; OA = 
organic genospecies A, OC = organic genospecies C, OE = organic genospecies E, and CC = conventional 
genospecies C. T3PKS = Type III polyketide synthases, Hserlactone = Homoserine lactone cluster, Fused = 
Pheganomycin-style protein ligase-containing cluster, NRPS = Non-ribosomal peptide synthetase cluster. 
  




























































SM67 1 0 1 1 1 4 0 0 1 0 
SM77 2 0 1 1 1 4 0 0 1 1 
SM74 2 0 1 1 1 3 0 0 0 1 
SM57 2 0 1 1 1 4 0 0 0 1 
SM53 2 0 1 1 1 4 0 0 0 1 





SM144A 2 1 1 1 1 4 1 0 0 0 
SM154C 2 1 1 1 1 2 1 0 0 0 
SM145B 2 1 1 1 1 4 1 0 0 0 
SM152A 2 1 1 1 1 3 1 0 0 0 
SM137B 1 1 1 1 1 3 1 0 0 0 





SM126B 2 0 1 1 1 3 0 0 0 1 
SM122A 2 1 1 1 1 4 0 0 0 0 
SM165A 1 2 1 1 1 4 1 0 0 0 
SM157B 1 2 1 1 1 4 1 0 0 0 
SM170C 2 1 1 1 1 4 0 0 0 1 
SM158 2 1 1 1 1 4 0 0 0 0 




SM168A 1 1 1 1 1 5 1 0 1 1 
SM159 1 1 1 1 1 4 0 0 0 1 
SM135A 1 2 1 1 1 4 1 0 0 1 
SM135B 2 1 1 1 1 4 1 0 0 1 
SM149A 1 1 1 1 1 4 1 0 0 1 
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Appendix Table E.11 The number of putative prophage regions identified in 24 Rhizobium leguminosarum 
symbiovar trifolii strains. Prophage regions were identified using PHASTER, which assigns a completeness 
score to identified regions based on the proportion of phage-related genes within the region; ‘intact’, 
‘questionable’ or ‘incomplete’. The strain can be divided into 4 genospecies/environmental origin groups; 
OA = organic genospecies A, OC = organic genospecies C, OE = organic genospecies E, and CC = conventional 
genospecies C. 
  































SM67 0 1 5 
SM77 1 2 3 
SM74 0 0 2 
SM57 0 2 2 
SM53 0 0 2 





SM144A 0 1 2 
SM154C 0 0 3 
SM145B 0 1 3 
SM152A 1 0 3 
SM137B 0 0 4 





SM126B 0 0 0 
SM122A 0 0 1 
SM165A 1 0 1 
SM157B 0 1 0 
SM170C 0 0 2 
SM158 0 0 2 




SM168A 0 0 5 
SM159 0 0 4 
SM135A 1 0 2 
SM135B 0 0 0 
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